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Leidenfrost phenomenon has been studied extensively for its role in applications rang-
ing from nuclear reactor cooling, to metals manufacturing, combustion, and other
fields. Herein, Leidenfrost phenomenon is pursued towards non-contact distillation
processes with hopes of reducing or even eliminating contaminant fouling. In par-
ticular, the microgravity environment of a drop tower is exploited to demonstrate the
facility with which droplets achieve and sustain the Leidenfrost state. Dynamic Lei-
denfrost impacts in microgravity are presented for impacts on hydrophilic and super-
hydrophobic planar substrates, macro-pillar arrays, confined passageways, and oth-
ers. Nearly ideal elastic non-contact impacts and droplet oscillation modes are ob-
served. Dynamic Leidenfrost impacts in microgravity for uniquely low velocity im-
pacts are investigated analytically and experimentally. We find Leidenfrost vapor layer
thicknesses on the order of millimeters for a 1 mL droplet of water with impact velocity
1 mm/s - a 100-fold increase relative to terrestrial vapor layers. Such results are sup-
ported by preliminary experimental observations. Further droplet distillation experi-
ments are conducted in a terrestrial gravity environment using a heated tilted rotating
hemi-circular track. Droplet evaporation rates and lifetimes are tabulated for the slid-
ing/rolling drops at varying angular velocities and tilt angles. An analytical model for
the evaporation rate of a rolling Leidenfrost droplet is developed and compared to the
experimental results with good agreement. The empirical and analytical results serve
as key design tools for sizing a prototypical non-contact distillation system for terres-
trial desalinization or spacecraft water recycling.
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1.1 Large Length Scale Capillary Fluidics
In the gravity environment of Earth (1go), Mars (0.38go), and the moon (0.17go),
gravitational forces largely dominate fluid physical processes. However, when gravity
is sufficiently small, other forces become significant, in particular the surface tension
force. The Bond number Bo is used to measure the relative magnitude of body forces





where ∆ρ is the difference in density between two fluid phases, a is the ambient accel-
eration imposed on a fluid, and Lc is a characteristic free surface length scale. Surface
tension forces become dominant when Bo ≪ 1. Classical terrestrial cases wherein sur-
face tension forces are dominant include neutrally buoyant systems where ∆ρ ≪ 1,
and small length scale systems where Lc ≪ 1. The latter case is for microfluidic devices
where characteristic system length scales are submillimetric. When a ≪ 1 Bo ≪ 1,
body forces are also negligible. This is often the case aboard orbiting spacecraft. In
this unique regime, capillary forces are dominant even at large characteristic length
scales ∼ O(1 m). For this reason, the study of capillary phenomenon in the absence
of body forces is termed large length scale capillary phenomenon. The term ‘capillary
fluidics’ describes capillary phenomenon at all length scales.
2
1.2 Microgravity Fluid System Mishaps Aboard Spacecraft
A plethora of systems aboard spacecraft to a great extent function on or utilize liq-
uids. These systems include propulsion systems, a wide host of life support systems,
phase separation devices, heat exchangers, and others [1] [2]. In the microgravity envi-
ronment aboard spacecraft, capillary forces pose problems for fluid systems designers
and play a role in human bodily function and quality of life in space. The design chal-
lenges of fluid systems aboard spacecraft are often non-trivial due to the fundamen-
tal difference between microgravity and gravity-dominated fluid physics. As a result,
unforeseen consequences arising from capillary forces have been observed in various
systems aboard spacecraft. Complications have arisen from wetting phenomenon,
unforeseen capillary driven flows, phase separations, bubble formation in fluid lines,
boiling, condensation, and others. A selection of examples are cited below. Sources
describing such events include NASA technical reports, books summarizing technical
achievements and lessons learned during various periods of space exploration, and
other works telling the stories of astronaut experiences in space.
Instances of system complications resulting from condensation of humid cabin air
have been reported throughout spaceflight history. Gordon Cooper's Mercury-Atlas 9
flight in 1963 experienced critical electrical equipment and sensor malfunction, which
was linked to the condensation and capillary wicking of water on cool electrical com-
ponents [3] [4]. The immediate solution required absorbing the water away using pa-
per towels. Aboard Apollo 13, condensation accumulation on walls, panels, and wire
harnesses in the command module turned into rain in the cabin upon re-entry decel-
erations in Earth’s upper atmosphere [3]. The rate of condensation on walls and win-
3
dows on Apollo 16 was so significant during trans-earth injection that when the crew
went to take photographic images, windows on the spacecraft had to be wiped be-
tween each image [5]. On numerous Apollo missions condensation in cabin and space
suit air ducts produced free-flying droplets of water from the condensate buildup in
airlines [6]. Subsequent freezing and sublimation of condensate resulting from cabin
depressurization before extravehicular activity (EVA) caused fluids to freeze in lines
on the Apollo 15 Lunar Module resulting in fluctuating pressures in the water/glycol
pump and decreases in the water seperator speed [4]. Aboard the MIR space station
power outages caused a massive build up of condensation throughout the spacecraft
with reports of water condensate volumes up to ‘a cubic meter in size’ [7]. Astronauts
reported devoting 4 to 8 hours a day, everyday, cleaning up condensate by mopping
with used clothes or employing a ‘device that sucked the water into an airtight bag.’
The crew noted that water spread across the walls of the station, and migrated into
wiring. Aboard space shuttle mission STS-32, water was discovered at the outlet of a
humidity separator and reported to be approximately 250 mL in volume [8].
Migration of fluids due to wetting, disturbances, and other forces have resulted
in fluids entering unintended places. During the Apollo missions, migration of con-
densed water in space suits caused faulty measurements from carbon dioxide sen-
sors [4] [9]. Migration of moisture and other contaminates to sensors still plagues
modern space suits [10]. Failure of a pitot style water separator caused by minute ac-
cumulation of silica resulted in the intrusion of a large amount of water into the helmet
of a space suit, seriously threatening the life of an astronaut [10] [11]. In missions prior
to STS-5 there were reports of migration of urine under a urinal cap, which was em-
ployed by astronauts during urination [12]. The cap was redesigned after discovering
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that male users restricted airflow into the urinal cap due to the male anatomy, allowing
urine to migrate throughout the cap.
Fluid containment in low-gravity poses challenges arising from the liberation of
liquid droplets resulting from everyday astronaut actives (washing, eating, brushing
teeth, etc.). Free-flying droplets are a concern due to their potential for causing elec-
trical shorts, disrupting sensors, and compromising crew health, especially in cases of
toxic liquids. Even non-toxic salt-water entering an astronaut's eye can cause signif-
icant discomfort and impair crew performance. Astronauts aboard Skylab described
issues with the hand wash and expressed concerns of splashing water and a desire for
an improved design that would contain liberated droplets [13]. Similar concerns were
expressed for the shower aboard Skylab where the astronauts also mention a residual
soap left over on skin that caused painful irritation. During the Apollo era, suppressing
splashing during urination was a concern for life support systems designers [14]. Lib-
erating the final drop of urine from the human body after urination has proven chal-
lenging in low-gravity with complications arising from improper liberation resulting in
free-flying urine droplets [15]. The ‘last-drop’ problem continued well into the Space
Shuttle era with temporary solutions involving increased urinal airflow and manual
wicking procedures [12] [16].
Other fluid system mishaps aboard spacecraft involve gas bubbles in fluid lines,
phase separation, and various thermal-fluid phenomenon. The space station heat
pipe advanced radiator element (SHARE) was an experiment that experienced mas-
sive bubble generation in heat pipe channels to the point of halting fluid flow [17].
Improper design of hydraulic diameters between condenser and evaporator elements
were found to be the root cause of the issues. The space shuttle humidity separator
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(a condensing heat exchanger) experienced issues of liquid droplet carryover result-
ing from debris clogging pitot tubes [18]. A prefilter for the humidity separator was
developed to alleviate the problem. The prefilter experienced water clogging issues at
the air inlet resulting from insufficient pressure, and consequently insufficient shear
forces required to drive the fluid downstream. Clogging at a downstream teflon screen
was also observed. The clogging would only be relieved once sufficient clogging oc-
curred increasing the overall pressure drop across the prefilter forcing the fluid through
the device. Trapped hydrogen gas bubbles in potable water lines have been known to
cause gastrointestinal upsets in astronauts [3] [19]. Work has been conducted on the
NASA flash evaporator [20] [21]. The flash evaporator experienced issues with freezing
on poorly heated surfaces with such surfaces requiring extra heat to maintain tem-
peratures above the Leidenfrost point to significantly reduce physical contact between
the liquid and ducting via the Leidenfrost vapor layer and prevent freezing [22]. Poor
heat transfer of the Leidenfrost state also maintains elevated duct temperature which
also delays freezing. The Leidenfrost point is also sensitive to wetting conditions. Sur-
face contamination usually increases surface wettability for liquids, which increases
the Leidenfrost temperature.
This brief history of fluid system mishaps is a preliminary outline of a more com-
prehensive review to come. The outlined examples of fluid system mishaps in micro-
gravity demonstrate the challenges of fluid management in space where gravity is neg-
ligibly small causing other small order forces to become paramount. Most notably,
capillary forces. As shown in prior examples, this results in unintended fluid system
consequences such as unintended flows, clogging, bubble ingestion, etc.
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1.3 Thesis Organization
In Chapter 2 we first review easy-to-fabricate superhydrophobic substrates with
a variety of characteristics including thermal stability, corrosion resistance, and resis-
tance to mechanical abrasion. Such properties are of potential interest for non-contact
distillation processes and fouling-free fluid processing and transportation applications
for use aboard spacecraft. An experiment investigating the fouling resistance of su-
perhydrophobic surfaces exposed to intermittent streams of urine is presented with
results showing up to a 30-fold reduction in fouling rates for superhydrophobic sub-
strates compared to wetting surfaces. Chapter 3 outlines a study of Leidenfrost phe-
nomena where Leidenfrost temperatures are combined with superhydrophobic sub-
strates to promote robust non-contact distillation of dynamic fluid droplets. A de-
tailed investigation of Leidenfrost droplet evaporation was conducted for dynamic
sliding/rolling Leidenfrost droplets on an aluminum substrate. Novel microgravity dy-
namic Leidenfrost drop impact experiments are conducted revealing droplet transport
modes in such states. Results from terrestrial Leidenfrost distillation experiments for
droplets at varying velocities tangential to the substrate are presented along with an-
alytical models for Leidenfrost droplet evaporation and lifetimes. Chapter 4 discusses
the design and development of an omni-gravity non-contact Leidenfrost-driven water
recovery system developed for waste-water distillation applications. The water recov-
ery system was tested with salt-water demonstrating contact-free droplet distillation.
Chapter 5 presents a variety of first-observations showcasing an airflow analog to the
Leidenfrost phenomenon, cryogenic capillary auto-ejection, Leidenfrost puddle jump
on a fluid interface, and Leidenfrost droplet ejection from an interior corner.
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Chapter 2
The Unrealized Potential of Superhydrophobic Substrates
in Advanced Life Support Systems
2.1 Introduction
In the absence of significant gravitational acceleration, multiphase fluid phenom-
ena is controlled largely by surface tension and wetting conditions. The latter are char-
acterized by the contact or wetting angle. Non-wetting conditions have not been ex-
ploited significantly aboard spacecraft to date despite their potential to passively repel
and thus passively position liquids in highly advantageous ways. In this chapter we
provide a brief review of the literature regarding the terrestrial applications of super-
hydrophobic substrates, including mention of examples found in nature and several
theoretical foundations. We then provide a brief review of facile methods for produc-
ing such superhydrophobic substrates. Applications of such surfaces within the fluid
systems aboard spacecraft are then discussed following demonstrations of large length
scale superhydrophobic capillary phenomena in low-gravity drop tower experiments.
A class of substrates and surfaces that are strongly repellent to aqueous solutions
are called superhydrophobic surfaces. Over the past 20 years, research into production
methods of superhydrophobic surfaces has received significant attention for their use
in a variety of applications including self-cleaning surfaces [23] - [28], drag reduction
[29] - [31], anti-icing and anti-fog surfaces [32] - [36], fouling-free surfaces [37] - [39],
fluid separation such as oil-water [40] [41], and corrosion protection for metals [42]
[43]. A special class of surfaces that are simultaneously repellent to aqueous solutions,
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oils, and alcohols are called superomniphobic surfaces [44].
The wettability of a substrate is defined by the equilibrium contact angle θ and the
range of metastable contact angles above and below θ defined by contact angle hys-
teresis. Substrates with contact angle above 150◦, and low contact angle hysteresis, <±
5◦, are classified as super-repellent, superhydrophobic surfaces. Figure 2.1 provides a
common sketch for three equilibrium wetting conditions: wetting/partial wetting (θ <
90◦), neutral wetting (θ = 90◦), and non-wetting (θ > 90◦). A surface is considered wet-
ting/spreading when θ = 0◦. The equilibrium contact angle on a smooth surface has
been defined by Young’s relation
σSV =σSL +σLV cosθ, (2.1)
where σLV , σSV , and σSL are the surface tensions of the liquid-vapor, solid-vapor,
and solid-liquid, respectively. Figure 2.2 illustrates the interfacial force balance at the
liquid-solid-gas contact line. According to Young’s relation, to achieve large contact
angles, the free surface energy σSV must be proportionally small. Young’s relation-
ship has an apparent theoretical limit of ~120◦ for water on teflon [45] [46]. The max-
imum experimentally observed equilibrium water contact angle on a smooth surface
observed in practice is 130◦ [47] on a teflon surface.
Despite this apparent limit, many surfaces exist in nature that are superhydropho-
bic, with contact angles greater than 150◦. The legs of water striders [48] - [50], various
plant leaves [51] - [53], the eyes and wings of numerous insects [54] - [56], and the
backs of certain beetles [57] - [60] are superhydrophobic. Oleophobic surfaces have
also been observed in nature on the shells of soil dwelling arthropods [61] [62]. The
common feature allowing all of these organisms the enhanced ability to repel fluids is
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the presence of micro/nano-scale surface roughness. Wenzel [63] was perhaps the first
to consider substrate surface roughness effects on contact angle
cosθ∗ = r cosθ, (2.2)
Figure 2.1: Liquid drop on a surface displaying (a) partial wetting, (b) neutral wet-
ting, and (c) non-wetting states.
Figure 2.2: Force diagram of the three-
phase contact line and relevant parameters
for wetting.
where θ∗ is the apparent contact an-
gle and r is the roughness ratio defined
as the ratio between the area of the
rough surface to the area of the projected
surface with no surface roughness, r ≡
Ar oug h/Asmooth . Figure 2.3a provides a
schematic of a droplet on a rough surface
in a Wenzel state. The Wenzel model con-
siders a fluid that is in total contact with
all surface features. The roughness ratio
for a smooth surface is r = 1, and for a rough surface r > 1. It is apparent from Eq. 2.2,
also known as the Wenzel model, that the roughness ratio enhances both wetting and
non-wetting surface characteristics. That is, if θ < 90◦, θ∗ < θ, but if θ > 90◦, θ∗ > θ. The
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Wenzel model can predict droplet behavior in certain circumstances, but has limited
value in others. The Wenzel model does not imply any upper limit on the roughness
ratio, and does not take into consideration surface features of varying length scales.
Figure 2.3: (a) A liquid droplet on a rough solid substrate in the Wenzel state. (b)
A liquid droplet in the Cassie-Baxter state on a hierarchically rough solid substrate
with a large surface roughness and a smaller secondary solid substrate feature atop
the larger surface roughness.




fi cosθi , (2.3)
where fi is an interfacial area fraction and θi the equilibrium contact angle predicted
from Young’s relation. Eq. 2.3 is a general form and can be simplified by recognizing
that two characteristic interfacial area fractions exist such that fi ,LV + fi ,SL = 1, where
fi ,LV is the liquid-gas interfacial area fraction and fi ,SL is the solid-liquid interfacial
area fraction. Substituting cosθi ,LV =−1, and assuming a homogenous material and a
single characteristic roughness, the Cassie-Baxter model simplifies to
cosθ∗ = fSL (1+cosθ)−1, (2.4)
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Eq. 2.4 predicts the equilibrium contact angle of a droplet on a surface in the Cassie-
Baxter state. The Cassie-Baxter model, unlike the Wenzel model, assumes that the liq-
uid does not occupy the surface features. Instead, the liquid is only partially in contact
with the solid. A liquid droplet in the Cassie-Baxter state is depicted in Fig. 2.3b. It
can be shown via Eq. 2.4 that a fractional value for fSL drastically increases the ap-
parent contact angle. Surfaces that promote the Cassie-Baxter state have been used to
achieve highly non-wetting characteristics with contact angles > 150◦ with low contact
angle hysteresis < ± 5◦, since the liquid droplet is in large part in contact with com-
pletely non-wetted air. Surfaces with more than one characteristic roughness feature
are known as hierarchical surfaces, an approach that has been used to generate super-
repellant surfaces that are superomniphobic [65].
Thus, to achieve superhydrophobicity, a surface must have low surface energy, and
must have at least one characteristic surface roughness length scale. Contact angle
hysteresis is also a critical parameter for characterizing superhydrophobic surfaces.
Contact angle hysteresis is defined as the difference in advancing, θA and receding, θR
contact angles on a solid substrate, θA −θR . Shown in Fig. 2.4 is a stationary droplet
on a tilted surface in a gravitational field with advancing and receding contact angles
labeled. A surface with low contact angle hysteresis has a small difference between
advancing and receding values. Droplets readily slide or roll across such surfaces with
high contact angle and low contact angle hysteresis, whereas droplets on surfaces with
a high contact angle and large contact angle hysteresis move with an erratic stick-slip
motion. Contact angle hysteresis arises from chemical and topographical variability
in a surface. To achieve super-repellent surfaces, homogenous surface roughness and
chemical composition are sought.
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Figure 2.4: A droplet sliding/rolling down a surface with advancing contact angle,
θA, and receding contact angle, θR .
Numerous advances have been made in the manufacture of superhydrophobic sur-
faces. There is a class of simple surfaces produced by chemical etch and immersion
methods that provide an inexpensive means for producing superhydrophobic surfaces
on metal substrates [66]. Such methods have the potential for production of superhy-
drophobic surfaces on complex geometries. Zhang et al. [67] developed an easy, one-
step manufacturing process for the development of superhydrophobic surfaces on alu-
minum using a hydrochloric acid (HCl), ethanol, and myristic acid immersion method.
The HCl chemically etches the aluminum surface, producing a hierarchically rough
surface texture on the aluminum, while the myristic acid functionalizes the aluminum
surface by depositing long chain, low-energy molecules (-CH2 & -CH3 groups) on the
surface, rendering the aluminum superhydrophobic and exhibiting static water con-
tact angles (SWCA) up to 160◦. Wu et al. [68] highlight the increased reproducibility of
aluminum superhydrophobic surfaces produced by acid etch and chemical function-
alization. The use of an oxalic acid and HCl mixture for aluminum surface etching was
found to produce a more homogenous microstructure. Li et al. [69] demonstrate added
corrosion resistance to aluminum superhydrophobic surfaces by employing a potas-
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sium permanganate passivation step after acid etch and before an immersion coating
step wherein the substrate is immersed in a solution of ethanol and 20 mM trichlorosi-
lane. A superhydrophobic surface with SWCA of 153.5◦ and corrosion resistance to
saltwater was produced. Other studies have employed modified versions of acid etch-
ing and surface functionalization seeking improved non-wetting capabilities as well
as other unique substrate surface properties. Facile fabrication of aluminum surfaces
with anti-icing characteristics [70] - [74], surfaces functionalized using stearic acid for
fluorine-free superhydrophobic surfaces relevant for environmentally friendly marine
applications [75] [76], and surfaces that are thermally stable [77], and others [78] [79]
have been developed using this method.
Facile coating methods have been employed for fabrication of superhydrophobic
surfaces on various host substrates. Nanoparticles suspended in solutions that func-
tionalize particles with low-energy coatings have been applied using curtain-coating
[80], electrospinning [81], spin coating [82], and dip coating methods [83] [84]. Li et al.
[85] produce superhydrophobic surfaces by brush coating a solution of titanium oxide
nanoparticles modified in an ethanol- triethoxyoctylsilane solution. Gao et al. [86] pro-
duce superhydrophobic cotton surfaces by dip coating cotton in a solution of titanium
oxide functionalized by n-octyltriethoxysilane. Spray coating methods have also been
investigated for easy fabrication of superhydrophobic surfaces [87] - [89]. Li et al. [90]
construct superhydrophobic surfaces on various substrates by spray coating a solution
of amorphous silica nanoparticles, ethanol, and Trimethoxypropylsilane, achieving
SWCA of 158.5◦. Qahtan et al. [91] spray coat candle soot immersed in various solutions
of acetone, isopropyl alcohol, and ethanol to produce superhydrophobic surfaces on
metal substrates. Hancer & Arkaz [92] achieve SWCA greater than 178◦ on various sub-
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strates using a spray coated solution of silicon dioxide nanoparticles, functionalized by
perfluorodecyltrichlorosilane, in a poly-silicon matrix. Wei et al. [93] spray coat a mix-
ture of silica nanoparticles, Methyltriethoxysilane, 3-[(Perfluorohexylsulfonyl) amino]-
propyltriethoxysilane, and water on aluminum and glass substrates, producing syper-
hydrophobic surfaces that are also omniphobic, with SWCA of 158◦ and static contact
angles of 148◦ and 134◦ for glycol and hexadecane, respectively. Chemical vapor de-
position processes have also been studied for production of easy to produce superhy-
drophobic surfaces [94] - [97].
Nearly all fluid systems aboard spacecraft are dominated by interfacial fluid phe-
nomenon, which is to a large extent determined by substrate wetting conditions. Su-
perhydrophobic surfaces have numerous applications for spacecraft water systems.
Anti-fouling surfaces for fluid transport, liquid-gas and liquid-liquid passive phase
separation, condensing heat exchanger surfaces [98], and urine-water recovery are a
few such applications. Herein, only facile methods for the production of superhy-
drophobic surfaces are outlined. Capillary fluidics experiments conducted in the mi-
crogravity environment of a drop tower are presented, demonstrating phenomenon
arising from interactions with easily fabricated superhydrophobic surfaces. Current
applications of superhydrophobic surfaces for use in spacecraft fluid systems are dis-
cussed.
2.2 Experimental
2.2.1 Drop Tower and Function
A drop tower [99] is employed in this work to simulate microgravity conditions.
An image of the facility is shown in Fig. 2.5. A touch screen computer allows a single
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operator to safely operate the drop tower assisted primarily by automated functions
for quick experiment turn around with up to 20 drops per hour. An experiment rig is
installed into a drag shield and released into freefall for 2.1 s. Figure 2.6 shows an exam-
ple of an experiment rig inside the drag shield. The experiment rig and drag shield are
released simultaneously. The drag shield is effectively guided by two ‘non-contacting’
cables. Two metal fins mounted to the sides of the drag shield pass through perma-
nent magnets at the base of the tower. The relative motion between parallel magnetic
fields and drag shield fins generate eddy currents in the fins that resist the motion and
decelerate the falling masses which come to rest on foam pads. See Wollman [101] for
further details.
Figure 2.5: The 2.1 s drop tower. Image from Wollman [101].
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Figure 2.6: An experiment rig hanging inside the drag shield of the drop tower.
Both the experiment rig and the drag shield are released at the same time. The
experiment rig is allowed to fall freely inside the drag shield producing low-g (<
10−4go) conditions during the 2.1 s of free-fall. Image from Torres [102].
2.3 Production of Super-Facile Superhydrophobic Surfaces
Superhydrophobic surfaces requiring the most elementary of methods and mate-
rials for production have been developed and utilized in these studies. We define such
surfaces as ‘super-facile’ surfaces. Superhydrophobic surfaces with SWCA of > 150◦
and roll off angles < 5◦ have been produced by spraying commercially available Dome
MagicTM Polytetrafluoroethylene (PTFE) spray on sand paper of varying grit sizes (200-
2000 grit). The PTFE spray is applied in three lapping passes 15 cm away from the
substrate.
Cytonix WX2100TM one-step superhydrophobic spray is a commercially available
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product that is a fluorine-based spray that creates nanometer sized surface features.
Shown in Fig. 2.7a is a scanning electron microscope (SEM) image showing the sur-
face with nanometer-scale features. Rust-Oleum NeverwetTM spray is another com-
mercially available solution, a silicon-based spray that also forms nanometer-scale
features, as shown in Fig. 2.7b. Both sprays provide similar ease of application and
performance for purposes of the present demonstrations.
A super-facile production method of a thermally stable superhydrophobic surface
has been employed for high-temperature applications. A surface is coated with can-
dle soot until completely blackened. The surface is then sprayed with Dome MagicTM
PTFE spray in two to three lapping passes 15 cm away from the substrate. The PTFE
spray acts as a binder for the fragile soot producing a mechanically robust surface that
is also thermally stable. This surface has been repeatedly used in experiments where
surface operating temperatures exceed 220◦C with negligible losses in wetting charac-
teristics.
Figure 2.7: SEM images of (a) Cytonix WX2100TM and (b) Rust-Oleum NeverwetTM
surface coatings.
18
2.4 Low-g Demonstrations and Applications
2.4.1 Liquid Rebounds from Superhydrophobic Surfaces
A host of drop tower experiments have been conducted demonstrating and in-
vestigating large length scale interfacial fluid phenomenon arising from interactions
with superhydrophobic surfaces. In a microgravity environment, the length over
which capillary forces are significant increases 1000-fold leading to enormous surface
tension-dominated phenomena dictated often by the nanoscale wetting conditions of
the system. For example, Attari et al. [103] demonstrate that large droplets (puddles)
deposited on superhydrophobic surfaces in a terrestrial gravity environment sponta-
neously jump when experiencing a step reduction in gravity. This phenomenon has
been coined ‘puddle jumping.’ Figure 2.8 shows a series of images of a 2 mL water
puddle jumping from a superhydrophobic surface in the microgravity environment of
a drop tower. Upon experiencing a step reduction in gravity (a) the puddle reorients
into a sphere, resulting in (b) a collision of capillary waves, which overcome the negli-
gible adhesion forces between the fluid and superhydrophobic substrate, resulting in
the puddle (c) detaching from the surface with (d-e) constant velocity despite a variety
of oscillation modes.
Puddle jumping phenomenon is a convenient droplet deployment method that
has been applied in numerous microgravity experimental works including quantifying
electrostatic forces on droplets [104] and droplet impact experiments [100] [105], such
as dynamic Leidenfrost impacts [103]. However, droplet oscillations produced during
the puddle jumping process are undesirable for experiments sensitive to droplet os-
cillation modes at impact. A microgravity, oscillation-free, droplet generator, referred
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to as a ‘Logan Shooter,’ is a device that was developed for passive non-oscillating drop
deployment [102], [106], & [107]. Figure 2.9a shows a schematic of the shooter. The
Logan Shooter consists of two superhydrophobic surfaces forming a wedge. A volume
of water is dispensed near the narrowest point of the wedge. Large liquid volumes
form puddles. At initiation of the drop tower test the puddle jumps from the surface in
an attempt to establish a sphere. However, the water is confined by the wedge which
induces a capillary pressure gradient in the confined droplet that drives it out of the
wedge. Oscillations in the drop are substantially damped during the ejection process.
Figure 2.9b shows a Logan Shooter with 5◦ wedge half-angle ejecting a 10 mL droplet
of water free of oscillations. Figure 2.10 shows a 30 Hz image overlay of a 1 mL droplet
of water ejected between two parallel superhydrophobic plates using a Logan Shooter.
The plates are separated by a distance of 13.5 mm, with overall length of 127 mm. The
droplet has an initial velocity of 31.9 cm/s and final velocity of 23.2 cm/s. The sum of
incident and reflection angles, θi +θr , increase from 93◦ to 100◦ over the course of five
bounces.
Figure 2.8: (a) A 2 mL puddle of water flattened under gravity. (b) The droplet
reorients into a sphere in microgravity. (c) Collision of capillary waves propel the
droplet off the surface with constant velocity and vertical oscillation modes (d) &
(e) [103].
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Figure 2.9: (a) A schematic of the Logan Shooter with half angle α and a droplet
confined between two superhydrophobic plates. A capillary pressure gradient aris-
ing from the disparity in posterior, R1, and anterior, R2, radii of curvature forces the
droplet out of the wedge with a velocity u. (b) A Logan Shooter with 5◦ half-angle
ejecting a 10-mL droplet of water in a drop tower experiment [102].
Jet impacts on superhydrophobic surfaces in microgravity have been studied ex-
tensively [108] - [111]. Figure 2.11 shows an image of a large jet impacting a superhy-
drophobic surface in microgravity. The 6 mm diameter jet impacts with a Weber num-
ber defined as the ratio of inertial to surface tension forces We = ρu2D/σ= 21.4 and a
Reynolds number defined as the ratio of inertial to viscous forces Re = ρuD/µ= 3005.
The incoming impact angle is 17.6◦ resulting in a perpendicular Weber number of 1.9.
The jet is flattened upon impact due to inertial forces and rebounds into a cylindrical
jet due to surface tension forces. In effect, the jet bounces off the surface. Such impacts
have been studied extensively [108], mapping stable and unstable impact regimes.
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Figure 2.10: A 30 fps overlay image of a 1 mL water droplet ejected with a Logan
Shooter between two superhydrophobic plates. Plates are separated by a distance
of 13.5 mm with total length of 127 mm. The droplet velocity decreases from 31.9
cm/s to 23.2 cm/s and θi + θr increase from 93◦ to 100◦ over the course of five
bounces. Image from Rasheed and Weislogel [112].
Figure 2.11: A large 6 mm jet impacting and rebounding from a superhydrophobic
surface in a low-gravity environment. Image from Cardin [108].
2.4.2 Inhibition of Surface Fouling for Aqueous Fluid Streams
The wetting characteristics of many dilute aqueous solutions on superhydropho-
bic surfaces are often similar to those of pure water. Figure 2.12 provides a plot of con-
tact angles for water, urine, and aqueous solutions of 25 g/L NaCl, sugar and KCl on
a superhydrophobic surface consisting of candle soot and Dome MagicTM PTFE spray
applied to an aluminum substrate. All of the liquids exhibit contact angles > 150◦ and
are within the standard error of water contact angle measurements.
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Figure 2.12: Contact angle results for water, urine, and aqueous mixtures on a su-
perhydrophobic surface made of candle soot and Dome MagicTM PTFE spray.
Transport of waste-water streams in microgravity has proven a challenging prob-
lem due to biofouling surfaces on system components and plumbing; i.e., urine
streams [113] - [115]. The non-wetting characteristics of urine on superhydropho-
bic surfaces offers attractive opportunities for applications of non-wetting surfaces to
separate, contain, and transport urine streams in microgravity. As an example, an ex-
periment modelling the current operating conditions of the urinal funnel and hose
system of the ISS potty was conducted [116] [117]. Two half-sections of 5.08 cm ID
polyvinyl chloride (PVC) pipe were used in the tests. The inside of one half-section
was coated with a superhydrophobic coating. Figure 2.13a provides a schematic of the
experiment. A 100 mL volume of urine is poured into the half-pipe at a flowrate of 1
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Lpm. The experiment is repeated every two to three hours for over one month. Fig-
ure 2.13b shows an image of the superhydrophobic half-pipe interior (above) and the
non-hydrophobic half-pipe interior (below) after the first day of experimentation. A
red box over a region on the non-hydrophobic half-pipe (Fig. 2.13b, bottom) shows
initial signs of dry discolored urine residue on the non-hydrophobic pipe. Figure 2.13c
shows an image of the same pipes after 31 days of testing. Discoloration of the un-
coated pipe appeared at the first day of testing. The first signs of contamination for
the superhydrophobic half-pipe were not detected until the 31st day of testing (see red
boxes). Figure 2.14 shows a plot of mass measurements for the PVC pipes over the
span of 42 days of experimentation showing an average increase in mass of 3.1 mg
per experiment for the non-hydrophobic half-pipe, and an average increase in mass of
0.5 mg per experiment for the superhydrophobic half-pipe. These preliminary results
demonstrate what might be crudely approximated as 30-fold increase in surface life
for the superhydrophobic surface compared to the non-hydrophobic surface.
2.4.3 Non-Contact Distillation
A novel, non-contact, heat-driven distillation method has been investigated to ad-
dress NASAs water recovery challenge [112]. The method exploits the Leidenfrost phe-
nomenon to perform distillation of droplet streams of waste-water. When a substrate’s
temperature is significantly higher than the liquid’s boiling temperature, a droplet dis-
pensed on the substrate will not undergo nucleate boiling, but will instead levitate on a
layer of its own vapor. This vapor layer insulates the droplet from the heated substrate,
reducing heat transfer to the liquid drop by orders of magnitude. Levitating droplets
are not in contact with the surface, eliminating nucleation sites for bubble formation.
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This contact-free mode of distillation has potential utility for addressing the urine wa-
ter recovery challenges in a fouling-free system.
Figure 2.13: (a) Sketch of tests where urine is poured at 1 Lpm into a tilted PVC
pipe. (b) Images of the superhydrophobic (above) and non-hydrophobic (below)
interior surfaces of PVC pipes after 1 day and (c) 31 days of exposure. Red boxes
highlight buildup of dry urine residue.
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Figure 2.14: Change in mass for non-hydrophobic and superhydophobic surfaces
as a result of 1 Lpm of urine flow across surfaces. Measurements taken over a span
of 42 days indicate an average change in mass of 3.1 mg per experiment and 0.5 mg
per experiment for the non-hydrophobic and superhydrophobic surfaces, respec-
tively.
The Leidenfrost distillation method is enhanced by superhydrophobic surfaces.
Superhydrophobic surfaces have been shown to dramatically decrease the Leiden-
frost point temperature of water [118]. Dynamic Leidenfrost impact temperatures have
been observed to decrease from 206◦C on an aluminum surface to as low as 130◦C on
a superhydrophobic surface [112]. Figure 2.15 shows a series of 15 Hz images taken of
a 1.3 mL water droplet in microgravity impacting a superhydrophobic substrate held
at 140◦C. A Logan Shooter is used to eject the water droplet free of oscillations toward
the heated substrate with a normal velocity of 13.0 cm/s and a perpendicular Weber
number of 3.1. The droplet impacts the substrate and elastically rebounds without
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undergoing nucleate boiling. The reduction of Leidenfrost temperatures helps reduce
energy consumption required for essentially non-contact Leidenfrost distillation. Su-
perhydrophobic surfaces in conjunction with the Leidenfrost vapor layer separation
provide an additional protection against contact between fluid and substrate [112].
Figure 2.15: A sequence of 15 Hz images of a 1.3 mL water droplet impacting a
planar superhydrophobic surface held at 140◦C in a low-g drop tower test. The
droplet is ejected using a passive Logan Shooter free of oscillations and normal to
the substrate at 13.0 cm/s with a normal impact Weber number of 3.1 [119].
2.5 Conclusion
The recent advances in easy-to-fabricate superhydrophobic surfaces are readily
applicable for low-g demonstrations leading to practical applications in fluids han-
dling aboard spacecraft. Such surfaces require simple production methods and have
gained significant attention in the past two decades. Desirable surface properties in-
clude thermal stability, corrosion resistance, wear resistance, bio-compatibility, and
chemical stability, among others. Because such surfaces offer the potential for low-
contact or even contact-free fluids handling aboard spacecraft, significant decreases in
surface contamination might be achieved prolonging design life while reducing spares,
mass, volume, costs, and crew time. Superhydrophobic surfaces offer a host of valued
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characteristics for spacecraft fluids systems including increased thermal stability, cor-
rosion resistance, resistance to mechanical abrasion, and more. The use of superhy-
drophobic surfaces in a selection of demonstrative drop tower experiments have been
briefly presented herein which identify a variety of large length scale interfacial micro-
gravity fluid phenomenon ranging from jumping puddles, to rebounding droplets, to
bouncing jets, to non-contact low-g distillation exploiting superhydrophobic surfaces
at or above the Leidenfrost temperature. Such demonstrations suggest that current life
support system applications susceptible to biofouling plumbing may benefit greatly
from the immediate deployment of such surfaces. The utility and potential perfor-
mance improvements of fluid-based systems for these surfaces is high per unit design
effort. Further low-g demonstrations are encouraged as well as the development of a
suite of flight certified superhydrophobic substrates that might be employed in the life
support systems aboard spacecraft.
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Chapter 3
On-Demand Non-Contact Distillation: Low-g Demonstrations
of a Leidenfrost Waste-Water Processor
3.1 Introduction
The National Aeronautics and Space Administration (NASA) has identified the sep-
aration and recovery of water from waste streams as a major challenge. NASA’s tech-
nology roadmap has identified water recovery and management (TA 6.1.2) as an area in
need of innovative technological solutions to enable human exploration of deep space.
At least 98% water recovery from waste-water streams is required for such missions, a
performance goal that is not yet attainable with current state of the art technology. It is
also desirable to develop a water recovery system that significantly reduces the number
of moving components, eliminates the need for urine storage, eliminates the need for
addition of pretreat chemicals to urine, and unifies urine-brine processing. Herein, the
foundations of a novel, non-contact, heat-driven distillation method are investigated
as a potential method to address NASA’s water recovery challenge.
Heat driven distillation is routinely employed to distill liquid-liquid and liquid-
solute solutions. Such processes typically employ pool boiling. Film boiling is a less ef-
ficient boiling regime that is not usually exploited for distillation purposes. In the pool
boiling regime, liquid droplets deposited on substrates slightly above the liquid’s boil-
ing temperature will undergo nucleate boiling and will boil away in seconds. However,
if the substrate temperature is significantly higher than the liquid’s boiling tempera-
ture, the droplet will not undergo nucleate boiling, but will instead levitate on its own
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vapor layer. This vapor layer insulates the droplet from the heated substrate, reduc-
ing heat transfer to the liquid droplet by orders of magnitude. The levitating droplets
are not in contact with the surface, eliminating nucleation sites for bubble formation.
These combined effects increase droplet lifetimes by orders of magnitude. For exam-
ple, a static 0.03 mL water droplet on a planar aluminum substrate above 193◦C will re-
quire several minutes to completely evaporate. This phenomenon is called the Leiden-
frost effect [120]. Figure 3.1 shows a droplet lifetime plot for a 2 mm diameter droplet of
water on a polished aluminum surface at varying surface temperatures. The maximum
droplet lifetime shown by the vertical line just below 150◦C identifies the Leidenfrost
point, the point of minimum heat flux.
Figure 3.1: Lifetime plot for a 2 mm droplet of water deposited on a polished alu-
minum surface as a function of surface temperature, Ts. Figure from Quéré [121].
Though exploiting Leidenfrost phenomena may seem a poor choice due to low
evaporation heat transfer rate, employing this phenomenon to distill streams of
droplets is of interest for spacecraft applications due to the non-contact nature of the
phenomenon, potentially enabling fouling-free distillation. Further, heat driven Lei-
denfrost distillation potentially allows for streams of waste-water solutions to be dis-
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tilled fully to dry salt. Distillation rates are also comparable to certain liquid produc-
tion rates (i.e., astronaut urine production) permitting essentially real-time distillation
of streams of droplets at elevated temperatures. Stamey and Mihara [122] present ex-
perimental results for bacterial growth in sterile urine from human subjects. Results
show that exponential bacterial growth occurs after two hours for all types of bacteria.
Liquid solutions of urine processed essentially on-demand at temperatures in excess of
70◦C ensure minimal microbial growth, reducing, if not eliminating the need for urine
pretreat chemicals, which are used to significantly hinder the rate of bacterial growth
in urine.
Leidenfrost droplets are highly mobile due to the vapor layer separating droplets
from heated substrates. Viscous drag from the vapor layer is negligibly small lead-
ing to nearly frictionless motion across heated surfaces. Such mobility of Leidenfrost
droplets encourages the possibility for competitive microgravity distillation system de-
signs that employ heated conduits and a simple motive force for droplet streams in the
form of airflow, pressure gradient, or the vapor production of the evaporating droplets
themselves.
The Leidenfrost effect has been studied extensively for its relevance to numerous
applications including spray cooling, fuel combustion, nuclear reactor cooling, jet and
rocket engine propulsion, manufacturing of metals, and others [123] - [131]. Biance et
al. [132] investigated Leidenfrost phenomenon providing a scale expression for static
Leidenfrost droplet lifetimes. The dynamics of Leidenfrost droplet impacts have been
investigated in depth [133] - [136]. It has been shown that the dynamic Leidenfrost
point is a function of Weber number [135] as is the maximum spreading of the drops on
impact [136]. Extensive experimental investigations quantifying heat transfer for dy-
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namic Leidenfrost droplet impacts have been conducted [137] - [141] as well as math-
ematical considerations for heat transfer in the dynamic Leidenfrost mode [137] [142].
Leidenfrost droplet heat transfer and evaporation rates have also been experimentally
investigated in the static case [143].
Maquet et al. [144] demonstrate that although the Leidenfrost point itself has a
weak dependence on gravity level, Leidenfrost droplet lifetimes have a strong inverse
dependence on gravity. Veldhoven and Capelleveen [145] show decreases in Leiden-
frost temperature with decreasing ambient pressure. Chen et al. [146] show dramatic
increases in dynamic Leidenfrost point temperature with increased levels of alcohol
surfactants, showing that increases in the Leidenfrost point are due to decreasing sur-
face tension.
Takata et al. [147] show increases in the Leidenfrost point with increased surface
wettability. Kim et al. [148] report an increase and decrease in the Leidenfrost point
for water on hydrophilic and hydrophobic surfaces, respectively. Kim et al. [149] [150]
report significant increases in the Leidenfrost point of water as a result of impacts on
porous and wetting micro-pillared surfaces. Such surface structures are found to dis-
rupt and collapse vapor layer formation. Similar observations have been documented
for wetting microstructured surfaces [151] - [154] as well as for surfaces consisting of
carbon nanofibers [155]. Kwon et al. [156] report significant increases in the Leiden-
frost point with decreasing micropillar density on wetting surfaces. Significant reduc-
tion in Leidenfrost point has also been reported on microstructured non-wetting sur-
faces [157] [158]. Vakarelski et al. [158] report significant decreases in the Leidenfrost
point on microstructured superhydrophobic surfaces due to vapor layer stabilization
on such surfaces. Kim et al. [148] also develop mathematical predictions for the dy-
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namic Leidenfrost point on structured surfaces.
Exploratory low-gravity Leidenfrost behavior has been pursued in drop tower tests
[103] [105]. As presented in Chapter 2, we present facile production methods for
superhydrophobic surfaces, including thermally stable surfaces, which are utilized
in this study. Superhydrophobic surfaces were also shown to reduce fouling of sur-
faces resulting from streams of urine by a factor of 30 [159]. In this work, Leidenfrost
droplet modes of transport under varying conditions in microgravity are presented.
Microgravity drop tower experiments include dynamic Leidenfrost impacts of oscil-
lation free droplets on surfaces with varied wettability under varying impact condi-
tions, droplet transport modes through conduit bends, and millimetric Leidenfrost va-
por layer formation in the unique low-g Leidenfrost regime. Mathematical models are
presented that predict Leidenfrost vapor recoil force and vapor layer thickness in the
absence of gravity resulting in a newly formulated dimensionless parameter the Evapo-
propulsion number Ep. Results for experimental investigations extending terrestrial
Leidenfrost droplet lifetime experiments for dynamically rolling droplets on heated
substrates are also presented. The self-cleaning nature of fouled, superheated, super-
hydrophobic surfaces is also observed and reported. A model that predicts Leidenfrost
droplet lifetime for droplets in the dynamic rolling mode in a terrestrial gravity envi-
ronment is developed, showing good prediction of experimental results. These results
have practical design implications for potential spacecraft applications.
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3.2 Experimental
3.2.1 Microgravity Droplet Generators
To repeat, a microgravity, oscillation-free, droplet generator, referred to as a ‘Logan
Shooter,’ is employed in the dynamic Leidenfrost impact experiments in microgravity.
The Logan Shooter requires superhydrophobic non-wetting surfaces to function prop-
erly. For purposes of conducting dynamic Leidenfrost droplet impact experiments
with wetting liquids such as ethanol, the method of passive capillary droplet ejection
through a converging circular tube is employed as studied by Wollman [101]. Fluids
with contact angle θ less than 90◦ rise to considerable heights in tubes in microgravity.
Adding a nozzle to the end of the tube provides a mechanism for local liquid acceler-
ation which adds enough local inertia to the liquid that a jet is spontaneously ejected
from the nozzle. This jet breaks up into droplets which are then employed downstream
in dynamic Leidenfrost impact experiments. Figure 3.2 shows passive capillary ejec-
tion of 5 cS PDMS (Polydimethylsiloxane) liquid in a 60 mm long, 6 mm ID circular
glass tube with a converging nozzle of 1.2 mm ID at the end of the tube.
Figure 3.2: Spontaneous capillary rise and ejection of 5 cS PDMS in a circular tube
with nozzle. Figure from Wollman [101].
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3.2.2 Rolling Leidenfrost Droplets
Superhydrophobic Channel
An aluminum plate with 6.35 mm wide hemi-circular section milled circular track
56 mm in diameter is mounted to a turntable. The turntable is then tilted with re-
spect to gravity and mounted to a lab bench. The plate surface is coated with a su-
perhydrophobic coating consisting of a PTFE spray (Dome MagicTM) over a soot layer
deposited by candle flame [159]. Figure 3.3 provides images of the apparatus with top-
view images of the circular track with a capillary-sized droplet of 25 g/L aqueous NaCl
mixture inside the track. A variable speed DC motor is used to drive the turn-table with
mounted aluminum plate. To the aluminum plate is mounted a 150-Watt strip heater
controlled via Arduino control circuit comprised of thermocouples, ambient tempera-
ture thermocouple, humidity sensor, solid-state relays, and Arduino SD Shield for data
acquisition.
The Arduino controller is programmed to establish the plate temperature. Once
the setpoint temperature is reached, a droplet is dispensed in the channel while simul-
taneously turning on the DC turntable motor. A highspeed HD video camera records
the events. The combined effects of plate rotation, plate tilt with respect to gravity,
super-hydrophobicity, and Leidenfrost temperatures cause the droplet to roll ever-
downwards along the channel. The droplet continues to roll until completely evap-
orated. Figure 3.3c shows an image of a droplet at the beginning of one such experi-
ment with plate temperature of 170◦C. The 25 g/L aqueous NaCl droplet initial volume
is ~0.029 mL. Figures 3.3d and e provide images of the droplet at t = 56 s and t = 110 s,
respectively. Figure 3.3f provides an image of the salt crystal left behind following com-
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plete evaporation at t = 164 s. This apparatus is utilized for Leidenfrost droplet evap-
oration experiments atop a superhydrophobic surface, especially droplets of aqueous
mixtures and urine. Such experiments provide insight on fouling mechanisms for su-
perhydrophobic surfaces due to complete distillation and deposition of salt solutions.
Figure 3.3: (a) Image of the experimental setup with the blue arrow pointing in
direction of tilted turntable rotation. (b) A capillary-sized droplet (~0.029 mL) in
a 6.35 mm wide, 56 mm diameter channel. (c) A droplet of 25 g/L aqueous salt
solution rolls along the superhydrophobic channel held at 170◦C. Image taken at
t = 0 s. The droplet evaporates in time (d) t = 56 s and (e) t = 110 s. (f) Complete
distillation leaves a single salt crystal in the channel, t = 164 s.
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Aluminum Channel
A circular aluminum plate with 11.7 ± 0.1 mm wide hemi-circular channel ma-
chined circular track 129 ± 1 mm in diameter is shown in Fig. 3.4a. The plate is
mounted in the center to a gearbox shaft attached to a variable speed DC motor.
Mounted underneath the plate is a 450 W ring heater controlled via Arduino control
circuit comprised of thermocouples, ambient temperature thermocouple, humidity
sensor, solid-state relays, and Arduino SD Shield for data acquisition. The whole as-
sembly is mounted to a precision vise capable of continuous and accurate adjustment
of the plate tilt angle. Figure 3.4b shows a cross-sectional view of the apparatus tilted
with angle θ. A pancake slip ring is mounted to the shaft above the circular plate for
connection of rotating electrical circuitry to stationary objects (i.e., rotating heater and
thermocouple wires to stationary outlet and Arduino microcontroller, respectively).
Figure 3.4c shows a droplet of water with red food coloring in the hemi-circular chan-
nel heated past the Leidenfrost point of water on aluminum rotating with angular ve-
locity ω.
The Arduino controller is programmed to establish the plate temperature. Once
the setpoint temperature is reached, a droplet is dispensed in the channel while simul-
taneously turning on the DC turntable motor. A highspeed HD video camera records
the events. The combined effects of plate rotation, plate tilt with respect to gravity and
Leidenfrost temperatures cause the droplet to roll ever-downwards along the channel.
The droplet continues to roll until completely evaporated. From these experiments we
establish maximum Leidenfrost evaporation rates via droplet lifetime and evaporation
rate measurements. Such rates can be used to estimate envelope and performance














Figure 3.4: a) The rotating heated plate apparatus with respective system compo-
nents labeled. b) Cross-sectional view of plate mounted to a precision vise tilted at
angle θ. c) A droplet of water in the hemi-circular channel heated past the Leiden-
frost point of water on aluminum rotating with angular velocity ω.
3.3 Mathematical Model
3.3.1 Dynamic Leidenfrost Droplet Impact in Microgravity: Creeping Flow Limit
We suspect that Leidenfrost behavior will be significantly impacted for low velocity
impacts in a low-gravity environment. Thus, we pursue an order of magnitude assess-
ment of the Leidenfrost vapor layer thickness for a free-flying, low-velocity droplet ap-
proaching a planar heated substrate well above the Leidenfrost point in a zero-gravity
environment. A schematic of the problem is provided in Fig. 3.5. Neglecting drag in
the gas phase, the approach of the droplet to the wall is modeled using a force balance
where the acceleration of the droplet is set equal to the momentum of evaporation
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from the droplet in the direction of the wall; namely,
mẍ = ṁevap uvap , (3.1)
Figure 3.5: A free flying droplet in microgravity with temperature Td approaching a
planar superheated substrate. Laminar convection in the vapor layer is the zeroth-
order mode of heat transfer to the droplet. The droplet reaches a final distance x f
before rebounding, separated by a vapor layer δ.
where m is the droplet mass, ẍ is the droplet acceleration toward the planar surface,
ṁevap is the mass flow rate of vapor evaporating from the droplet, and uvap is the va-
por velocity leaving the droplet. From mass conservation, the vapor velocity may be
expressed in terms of vapor mass flow rate, which in turn may be expressed in terms
of heat transfer to the droplet q via energy balance q = ṁevap
(
cp∆T +h f g
)
, where cp
is the droplet specific heat and ∆T is the difference between the droplet saturation
temperature and initial droplet temperature, ∆T = Td −To . From a flow rate balance
between droplet velocity uo and vapor velocity in the squeeze film uvap an expression
for the vapor velocity is derived uvap = (πuoR)/δ, where R is the droplet radius and
δ is the vapor layer thickness. Assuming a vapor layer thickness of 1 mm for a 5 mL
droplet results in uvap = 0.03 m/s. This velocity results in order one Reynolds numbers
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Re = (ρl uvapδ)/µv for the squeeze film flow, where ρl is the droplet density and µv
is the droplet vapor viscosity. The zeroth order mode of heat transfer to the droplet is
therefore laminar convection from the heated planar substrate through the vapor layer
of the droplet δ, which can be expressed as δ= xo − x. Assuming constant planar sub-
strate temperature Ts with insulated boundary condition results in constant Nusselt
number Nu = (hkv )/δ of 4.86 [160]. Thin film convection through the vapor layer can
then be expressed as
q = 4.86kv A Ts −Td
δ
, (3.2)
where kv is the droplet vapor conductivity and A is the droplet frontal heat trans-
fer area. The droplet frontal area is computed using an expression for the surface
area of a spherical cap at approximately 90% of the total droplet radius resulting in
A = 0.206πR2. Scaling laws show that outer convection to the droplet and radiation are
negligible. Substitution for the vapor velocity and mass flow rate with thin film convec-
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where ρv is the droplet vapor density. Scaling Eq. 3.3 with x ∼ x f and t ∼ x f /uo , and






where parameter Ep = (xomu2o)/k̄, which is a dimensionless ratio of droplet kinetic en-
ergy to energy of vaporization and is coined the Evapo-propulsion number. From Eq.
3.5 the vapor layer thickness of a 5 mL droplet of water initially at 20◦C travelling at
1 mm/s toward a substrate at 400◦C from an initial distance of 100 mm yields δ ∼ 5.7
mm an unearthly large thickness 3-orders of magnitude larger than terrestrial thick-
nesses [132], [149], & [161]. The potentially and comparatively enormous vapor layer
thicknesses predicted by Eq. 3.5 for low velocity impacts suggest that low-g droplet
flows along conduits, where normal velocities approach zero, are far more likely to re-
main ‘un-impacted’ and thus remain ‘uncontaminated’ when compared to our terres-
trial demonstrations. The results suggest a significantly enhanced non-contact nature
of the Leidenfrost phenomenon in microgravity.
3.3.2 Rolling Leidenfrost Droplet Lifetime
A simple mathematical model describing the heat transfer from a hot surface to a
rolling droplet in the Leidenfrost state on a superheated surface is developed. Figure
3.6 provides a schematic of a perfectly spherical capillary sized droplet with satura-
tion temperature Td rolling with linear velocity u on a superheated surface with tem-
perature Ts and tilt angle α. The droplet has a radius r (t ) that varies with time as it
evaporates in the Leidenfrost state in an environment with ambient temperature T∞.
We consider all modes of heat transfer to the rolling droplet, including thin film con-
vection, forced and free outer convection, and radiation. A scale expression is derived
for the Leidenfrost vapor layer thickness in gravity from a balance between vapor and
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cp∆T2 +h f g
))1/3 , (3.6)
Figure 3.6: A droplet rolling with linear velocity u on a heated tilted substrate well
in excess of the Leidenfrost point.
where µv is the droplet vapor viscosity, ρl is the liquid droplet density, ρv is the
droplet vapor density, g is gravitational acceleration, ∆T1 = Ts −Td is the difference
between plate temperature and droplet saturation temperature, and ∆T2 = Td − To
is the difference between droplet saturation temperature and initial droplet temper-
ature. Assuming a planar droplet surface at the droplet substrate interface and bal-
ancing vapor pressure with viscous forces where vapor pressure is expressed in terms






/µv . The Reynolds number is computed for the vapor flow suggesting
laminar flow in the vapor layer. Assuming constant planar substrate temperature with
insulated boundary condition the Nusselt number is again determined to be constant
and equal to 4.86 [160]. Using Eq. 3.6 and taking the droplet heat transfer area to be
the projected spherical cap area at approximately 90% of the droplet radius, an expres-
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sion for steady thin film convection through the vapor layer to the droplet can then be
expressed as








In this case, order of magnitude comparisons suggests that thin film convection and
outer droplet forced convection are significantly more relevant than free convection
and radiation. The outer convective heat transfer coefficient is estimated using the
Whitaker correlation [162] for the average Nusselt number for a sphere. From Newton’s
law of cooling, an expression for outer forced convective heat transfer to the droplet is
expressed as
q f c = 2πr ka∆T3
[




where R ≡ (2ρau)/µa , and ka , µa , and ρa are the respective air thermal conductivity,
dynamic viscosity, and density. Velocity u is that of the droplet, Pr the Prandtl number
of air, µ∞ the air free stream dynamic viscosity, µs the air dynamic viscosity at plate
surface temperature Ts and ∆T3 = Td −Ta is the difference between droplet saturation
temperature Td and air free stream temperature Ta . All properties for air are taken at
the bulk temperature Tb = (Ts +T∞)/2. The mass rate of change for an evaporating
spherical droplet can be expressed as
ṁ =−4πρl r 2rt , (3.9)
where rt is the time rate of change of the droplet radius. The evaporative mass flowrate
can be expressed in terms of the total heat transfer to the droplet using the expression
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q = ṁ (cp∆T +h f g ), substitution into which Eqs. 3.7 - 3.9 yield a first order non-linear




















cp∆T2 +h f g
))2/3 (2ρv g )1/3 = 0.
(3.10)
Eq. 3.10 is solved numerically for droplets of capillary size or smaller with initial
droplet radius condition r (t = 0) = Ro , predicting the overall rolling droplet lifetime
on a heated surface with constant velocity in the Leidenfrost state.




σ is the fluid surface tension, a second droplet evaporation rate model is developed.
We consider the schematic shown in Fig. 3.7 showing a droplet slightly larger than the
capillary length-scale with saturation temperature Td rolling with linear velocity u on
a superheated surface with temperature Ts and tilt angle α. The droplet has radius
r (t ) that varies with time as it evaporates in the Leidenfrost state in an environment
with ambient temperature T∞. The droplet has a constant height that is equal to two
times the capillary length in the Leidenfrost state, H = 2Lc. We again consider thin film
convection and forced outer convective heat transfer to the droplet. A scale expression
is derived for the Leidenfrost vapor layer thickness in gravity from a balance between














Figure 3.7: A droplet larger than the capillary length-scale rolling with linear ve-
locity u on a heated tilted substrate well in excess of the Leidenfrost point.
Steady thin film convective heat transfer to the droplet through the vapor layer is de-
veloped similar to the capillary sized droplet case now using Eq. 3.11 and is expressed
as





)1/2 (cp∆T2 +h f g )µv−1)1/3 . (3.12)
Leidenfrost droplets slightly larger than the capillary length-scale are assumed to be
nearly spherical. The outer forced convective heat transfer coefficient is therefore
estimated using the Whitaker correlation [162] for the average Nusselt number for a
sphere. The droplet frontal area is assumed to be a circular projection of the droplet
height, H = 2Lc in the domain where the droplet is slightly larger than the capillary
length-scale. From Newton’s law of cooling, an expression for outer forced convective
heat transfer to the droplet is expressed as













Order of magnitude comparisons again suggest that thin film convection and forced
outer convection are significantly more relevant than free convection and radiation.
Again using the expression for mass flowrate in terms of the total heat transfer to the
droplet as q = ṁ (cp∆T +h f g ) and substitution of Eqs. 3.9, 3.12, and 3.13 yields a first
order non-linear ODE describing the droplet lifetime for a Leidenfrost droplet with
































Eq. 3.14 describes the evaporation of a dynamically rolling Leidenfrost droplet larger
than the capillary length-scale with initial droplet radius condition r (t = 0) = Ro . Evap-
orating droplets will inevitably reduce down to capillary sized droplets. In this regime,
Lc in Eq. 3.14 becomes r (t ) and Eq. 3.14 becomes Eq. 3.10. Therefore, in order to
obtain droplet lifetimes for Leidenfrost droplets larger than the capillary length, Eq.
3.14 and Eq. 3.10 are both solved numerically where Eq. 3.14 is solved in the domain
Lc < r (t ) ≤ Ro and Eq. 3.10 is solved from 0 ≤ r (t ) ≤ Lc. Numerical results from Eq.
3.14 and Eq. 3.10 are compared to the experimentally measured Leidenfrost droplet
lifetimes for droplets of varying initial radius, droplet velocities, and surface tempera-
tures. Solutions to Eq. 3.10 and Eq. 3.14 provide Leidenfrost droplet evaporation rates
and lifetimes, both of which are useful for sizing a Leidenfrost droplet distiller.
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3.4 Results and Discussion
3.4.1 Microgravity
High Velocity Leidenfrost Impacts
Microgravity Leidenfrost droplet impact experiments are conducted with droplet
impacts at various Weber numbers We = (ρu2D)/σ, impact angles, surface temper-
ature, surface wettability, and surface geometry. Figure 3.8 shows a series of images
taken at 15 Hz for a 1.3 mL droplet of water impacting a superhydrophobic substrate
held at 140◦C in microgravity. A Logan Shooter is used to eject the water droplet free
of oscillations toward the heated substrate with a normal velocity of 13.0 cm/s and a
perpendicular impact Weber number of 3.1. The droplet impacts the substrate and
elastically rebounds without undergoing nucleate boiling.
Figure 3.8: A sequence of images taken at 15 Hz of a 1.3 mL water droplet impact-
ing a superhydrophobic substrate held at 140◦C in microgravity. The droplet is
ejected out of a Logan Shooter, free of oscillations, normal relative to the surface at
a velocity of 13.0 cm/s with a normal impact Weber number equal to 3.1.
A series of low-g dynamic Leidenfrost impact experiments are shown in Fig. 3.9
where oscillation-free water droplets are ejected from a Logan Shooter toward heated
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substrates. Figures 3.9a and 3.9b show a series of images taken at 6 Hz from impacts
on polished aluminum at 206◦C and a superhydrophobic surface at 142◦C. Incoming
impact angles are 45◦ and perpendicular Weber numbers are 1.9 for both experiments.
Elastic rebounds are observed in both experiments with outgoing impact angles of 42◦
and 45◦ for the impact on the aluminum and superhydrophobic plates, respectively.
It is clear from such demonstrations that for fixed impact Weber number, superhy-
drophobic surfaces drastically reduce the dynamic Leidenfrost point in microgravity.
Figure 3.9: Sequence of images of oscillation-free water droplet impacts for
droplets ejected using a Logan Shooter. (a) Sequence of 6 Hz images of a 12.6 cm/s
1.1 mL droplet impact at 45◦ on a polished aluminum substrate at 206◦C, rebound
angle is 42◦ likely due to viscous drag on impact. (b) 12.3 cm/s 1.2 mL droplet im-
pacting a superhydrophobic surface at 142◦C, rebound angle is 45◦. (c) 13.2 cm/s
1.0 mL droplet impacting a superhydrophobic array of 0.9 mm diameter circular
pillars and 0.8 mm spacing at 140◦C, rebound angle is 45◦. (d) 12 Hz images of 10.4
cm/s 1.5 mL droplet painted with UV fluorescent dye impacting a 9.5 mm diameter
stainless-steel cylinder at 465◦C.
Figure 3.9c shows images taken at 6 Hz for a droplet impacting a superhydrophobic
array of circular pillars, held at 140◦C with pillar diameters of 0.9 mm and pillar spac-
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ings of 0.8 mm. The incoming and outgoing impact angles are observed to be 45◦ with
perpendicular impact Weber number of 2.1. An elastic rebound is observed free of nu-
cleate boiling. The droplet impact in Fig. 3.9c results in a droplet with higher mode os-
cillations on the surface of the droplet after impact compared to the aluminum surface
rebound (3.9a) and superhydrophobic plate impact (3.9b) due to droplet deformation
into the pillar gaps during impact. Figure 3.9d shows a series of images taken at 12 Hz
of a 1.5 mL droplet of water painted with UV dye impacting a stainless-steel cylinder
with a Weber number of 2.1. The cylinder is 9.5 mm in diameter at 465◦C. The droplet
impacts and rebounds from the cylinder elastically initiating a degree of rotation.
Low-gravity Leidenfrost droplet impact experiments between two parallel plates
were also conducted. Shown in Fig. 3.10 are image overlays from three experiments
taken at 30 Hz of 1 mL water droplets ejected with a Logan Shooter into two paral-
lel plates separated by a distance of 13.5 mm with overall length of 127 mm. Figure
3.10a is a water droplet bouncing between two superhydrophobic plates at room tem-
perature with initial velocity of 31.9 cm/s and final velocity of 23.2 cm/s. The sum of
incident and reflection angles θi +θR increases from 93◦ to 100◦ over the course of five
bounces. Figure 3.10b shows the same experiment, but with heated superhydropho-
bic plates, with the top and bottom plates at 168◦C and 183◦C, respectively. Droplet
velocity decreases from 25.1 cm/s to 21.1 cm/s and the sum of incident and reflec-
tion angles decrease from 103◦ to 97◦ over the course of five bounces. Figure 3.10c
shows the same experiment as in Fig. 3.10a and 3.10b, but with superheated polished
aluminum surfaces with top and bottom plates held at 305◦C and 366◦C, respectively.
Droplet velocity decreases from 26.7 cm/s to 15.6 cm/s and the sum of incident and
reflection angles decrease from 110◦ to 84◦ over the course of five bounces. The heated
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plate experiments, unlike the non-heated plate experiment, observed decreases in the
sum of incident and reflection angles. The experiment in Fig. 3.10c displays a greater
decrease compared to the heated superhydrophobic plate experiment in Fig. 3.10b
likely due to increased Leidenfrost vapor recoil forces, which propel the droplets in a
predominately perpendicular direction to the substrates. A larger decrease in the sum
of incident and reflection angles are due to the larger vapor recoil forces. In the ab-
sence of gravity, the Leidenfrost vapor recoil force plays a more controlling role in the
droplet behavior which may be exploited in practical systems design for spacecraft.
Leidenfrost Fluid Transport in Conduits
Low-g Leidenfrost experiments investigating fluid transport in circular conduits
with bends were performed. Figure 3.11a shows 17 Hz images of an experiment where
blue-dyed ethanol droplets are ejected using the passive capillary ejection method (ref.
Fig. 3.2). The 60 mm long 9 mm ID glass tube ejector with converging nozzle of 1.5 mm
ID exit was used. The glass receiving tube has a 45◦ bend at the outlet and is heated
to > 360◦C. The glass tube has an 8.5 mm ID and is 63 mm in length. Ejected droplet
diameters are 1.9 mm, with the largest velocity droplet ejected at 38.4 cm/s resulting
in We = 10. Elastic Leidenfrost impacts are observed and the droplets successfully tra-
verse the conduit and exit without wetting/touching any surfaces. Figure 3.11b shows
15 Hz images of a similar test where ethanol is ejected from the same nozzle as in Fig.
3.11a, but into a glass tube with 180◦ bend. This tube has a 4 mm ID and 64 mm length
and is heated to > 360◦C. Droplets ejected into the tube are 1.8 mm in diameter with
the largest velocity of 41.6 cm/s, resulting in We = 11. All droplets rebound elastically in
the Leidenfrost state, traversing the bend and exiting the tube without wetting any sur-
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faces. Figure 3.11c shows 17 Hz images of a pressure driven jet of blue-dyed ethanol
from a 20-gauge needle, which breaks up via the Plateau-Rayleigh instability into a
stream of droplets. This droplet stream is ejected into the same glass tube as in Fig.
3.11b, heated to > 360◦C. The ejected droplets have maximum diameters of 2.6 mm
and average velocity of 22.0 cm/s, resulting in We = 4.5. The entire stream of droplets
traverses the bend and exits the conduit without contact, wetting or nucleate boiling.
Figure 3.10: 30 Hz overlay images of 1 mL water droplets ejected in low-g with a
Logan Shooter bouncing 5 times between parallel plates. The 127 mm long plates
are separated by a distance of 13.5 mm. (a) Two superhydrophobic plates at room
temperature: velocity decreases from 31.9 cm/s to 23.2 cm/s and θi +θR increase
from 93◦ to 100◦. (b) Two heated superhydrophobic plates with the top and bottom
plates at 168◦C and 183◦C, respectively. Droplet velocity decreases from 25.1 cm/s
to 21.1 cm/s and θi +θR decrease from 103◦ to 97◦. (c) Two polished aluminum
plates with top and bottom plates at 305◦C and 366◦C, respectively. Droplet veloc-
ity decreases from 26.7 cm/s to 15.6 cm/s and θi +θR decrease from 110◦ to 84◦.
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Figure 3.11: Microgravity Leidenfrost droplet experiments in glass tubes. (a) Pas-
sive capillary ejection of blue-dyed ethanol droplets: 17 Hz images of 38.4 cm/s,
1.9 mm droplets into an 8.5 mm ID 63 mm long glass tube bent 45◦ at one end and
held at > 360◦C. (b) 15 Hz images of 41.6 cm/s, 1.8 mm ethanol ejected into 4.0
mm ID, 63 mm long tube with 180◦ bend. (c) 17 Hz images of a pressure driven
ethanol jet ejected from a 20-gauge needle into the glass tube of (b), producing 2.6
mm droplets at average velocity 22 cm/s.
Ethanol Leidenfrost jet experiments in microgravity are conducted in coiled glass
tubing. Figure 3.12 shows 60 Hz overlay images for three experiments where jets of
ethanol are ejected into the superheated 6 mm ID glass coiled on an 85 mm OD at >
360◦C. The pressure-driven ethanol jets are again ejected through a 20-gauge syringe.
Figure 3.12a shows an overlay of a test where the jet is ejected into the superheated
glass coil with an open inlet. The jet breaks up into a stream of droplets that traverse
the coil bends in the non-contact Leidenfrost mode. Droplets exit out of the outlet of
the coil as identified by the red arrow. However, a buildup of droplets is observed near
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the inlet of the coil caused by vapors produced expanding both up and down stream,
effectively halting the flow. When the inlet is sealed, as is the case in Fig. 3.12b, the
ethanol jet evenly distributes throughout the coil and no buildup of fluid in the coil
at the inlet is observed, the vapors produced propelling the droplets downstream and
out of the coil. In Fig. 3.12c the same test is conducted, but with the addition of a
5.5 Lpm airflow through the coil and an open inlet. An even distribution of droplets is
observed as in the experiment shown in Fig. 3.12b where no droplet buildup occurs.
Such demonstrations provide ready examples of how essentially passive non-contact
droplet delivery and Leidenfrost transport methods can be achieved in conduits. Based
on such tests, a prototypical distillation system may require as little as ~15 m length of
tubing for complete distillation.
Figure 3.12: 60 Hz overlay images for three drop tower tests where jets of dyed
ethanol are ejected into a 6 mm ID glass coil with OD of 85 mm at > 360◦C: (a) Jet
of ethanol ejected into a superheated glass coil with an open inlet and no airflow,
(b) jet ejected with a plugged inlet and no airflow, and (c) jet ejected with open
inlet and 5.5 Lpm airflow.
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Low Velocity Leidenfrost Impact
Low velocity Leidenfrost droplet impact experiments in microgravity were con-
ducted. Weber numbers on the order of 10−4 or less are desired to produce millimet-
ric vapor layer thicknesses predicted in Eq. 3.5 for low velocity Leidenfrost impacts.
Ethanol and liquid nitrogen are used in these demonstration experiments for their rel-
atively low specific heat and latent heat of vaporization. Liquid nitrogen is of particular
interest for such experiments due to its low saturation temperature -195.8◦C making
room temperature surfaces Leidenfrost temperature surfaces.
Passive capillary ejection of ethanol droplets into a converging nozzle toward
heated surfaces at low impact angles were performed in microgravity. Figure 3.13
shows 120 Hz image overlays of a 1.9 mm ejected droplet of ethanol impacting a su-
perheated plate at 400◦C. The incoming velocity and angle of the droplet are 11.7 cm/s
and 2.3◦, respectively, resulting in perpendicular impact speed and perpendicular We-
ber number of 4.7 mm/s and 0.0015, respectively. The outgoing speed and angle are
11.4 cm/s and 7.6◦, respectively, with perpendicular exit velocity of 15.1 mm/s. The
three-fold increase in perpendicular velocity from pre- to post-impact suggests the
magnitude of acceleration induced by droplet vaporization, which is readily detected.
This force may be used to solve inversely for the evaporation rates for a more quantita-
tive assessment of the assumptions leading to Eq. 3.5. Further analytical comparisons
will be reported at a later date.
To further investigate vapor recoil forces impacting Leidenfrost phenomena in low-
g environments, a series of drop tower tests were conducted to establish perpendicu-
lar Weber numbers ~10−4 or less, where droplets of liquid nitrogen are ejected parallel
to a superheated substrate. Liquid nitrogen droplets are ejected using an aluminum
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Logan Shooter, where the non-wetting function is performed by the Leidenfrost va-
por layer for liquid nitrogen instead of superhydrophobic surfaces for water, as was
demonstrated in Fig. 2.9. Figure 3.14 shows 120 Hz overlay images of a liquid nitro-
gen droplet ejected nearly parallel to a heated surface at 450◦C. The 1.7 mm droplet
is ejected at a speed of 60.6 cm/s at an approximately 0.2◦ impact angle. The ejection
location is 2.7 mm above the planar heated substrate. The droplet traverses over the
heated surface for a 0.61 s duration. While traversing the surface, the drop is redirected
away from the surface to a distance of 3.9 mm after 370 mm of travel. The total deflec-
tion caused by vapor recoil forces is δ = 1.2 mm. In this case Ep = 0.8, indicating vapor
recoil forces are somewhat larger than inertial forces. From the scale expression of Eq.
3.5, we estimate a vapor layer thickness of 1.6 mm for this outcome, which is in fair
agreement with the experimental observations.
Figure 3.13: A 120 Hz image overlay of a 1.9 mm droplet of ethanol with incoming
velocity, ui , of 11.7 cm/s and incoming, θi , and outgoing angles, θe , of 2.3◦ and
7.6◦, respectively. Normal impact Weber number was found to be 1.5∗ 10−3. In-
coming and outgoing normal velocities were found to be 4.7 mm/s and 15.1 mm/s,
respectively.
3.4.2 Terrestrial Leidenfrost Droplet Distillation
Superhydrophobic Channel
To estimate droplet residence time in a ‘Leidenfrost distiller,’ droplet lifetime exper-
iments are conducted using the rotating, heated, superhydrophobic Leidenfrost chan-
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nel apparatus described in Section 3.2.3. The capillary-sized droplets of distilled water
with initial volume ~ 0.029 mL are deployed in the superhydrophobic channel held at
170◦C. Figure 3.15 provides a plot of droplet lifetimes as a function of linear droplet
velocity for various plate tilt angles. Also plotted are the droplet lifetime results from
numerical solutions to Eq. 3.10.
Figure 3.14: 120 Hz image overlay for a 1.7 mm liquid nitrogen droplet ejected at
60.6 cm/s from a Logan Shooter, nearly parallel to a planar surface at 450◦C. The
droplet has an impact angle of ~ 0.2◦, and is ejected 2.7 mm away from the wall,
before being propelled upward due to vapor recoil forces and ending up 3.9 mm
from the wall. Measured vapor layer thickness is 1.2 mm.
The experimental results show a general decrease in droplet lifetime for all tilt an-
gles as droplet velocity is increased due to increases in convective heat transfer. This
trend is captured in the analytical results as well. For the same droplet velocity, droplet
lifetime decreases as tilt angle is increased. This is due to increased droplet contact
area with the heated plate due to the semi-circular cross-sectional geometry of the
heated channel. Thin film convection is the dominant mode of heat transfer and as
a result, increased contact area plays a large role in determining the droplet lifetime.
This is not captured in the analysis since the solution for the droplet lifetime assumed
a droplet rolling on a flat surface. Overall, the analytical model predicts droplet life-
times reasonably well for tilt angles of 15◦ or lower, with maximum deviation of ± 30%
for all experimental results conducted.
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Figure 3.15: Droplet lifetime vs. droplet velocity for ~ 0.029 mL droplets of distilled
water in a superhydrophobic semi-circular channel at 170◦C at varying tilt angles,
with comparisons to analytical model of Eq. 3.10.
To demonstrate temperature, pressure, and concentration effects, droplet distil-
lation experiments are conducted using the same apparatus but employing flat beer,
urine, and 25 g/L aqueous solutions of NaCl, KCl, and sugar. Controlled solute-solvent
separation is also observed for all fluids used. An example of solute-solvent separation
was shown in Fig. 3.3 for separation of water and NaCl. Deposition of solutes on the su-
perhydrophobic surface was observed. The surface was fouled from the dissolved so-
lutes in solutions precipitating out of solution near the end of all tests performed. The
ability to clean the heated superhydrophobic surface from deposited solutes from the
various solutions is easily demonstrated, exploiting the ‘self-cleaning’ nature of such
surfaces. For example, dispensing a droplet of water into the rotating channel read-
ily re-dissolves the solutes, cleaning the surface, and recovering the superhydrophobic
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characteristics of the surface to pre-experiment conditions. These observations again
demonstrate additional favorable attributes for a Leidenfrost distillation system pro-
moting non-contact distillation.
Aluminum Channel
To understand the influence of surface temperature, initial droplet diameter, and
linear droplet velocity, the aluminum channel apparatus described in Section 3.2.3 was
utilized to perform a suite of Leidenfrost droplet distillation experiments. Figure 3.16
shows experimental Leidenfrost droplet lifetimes plotted against droplet velocity for
water droplets with initial diameter do of 5.08 mm ± 0.05 mm on an aluminum sur-
face at temperatures of 200◦C, 225◦C, and 250◦C tilted at 10◦. For constant droplet
velocity, increases in surface temperature decrease droplet lifetime. At constant sur-
face temperature, increases in droplet velocity decrease droplet lifetime resulting from
increased forced convection. Figures 3.17, 3.18, and 3.19 show Leidenfrost droplet life-
times plotted against droplet velocity for water droplets of varying initial diameter on
an aluminum surface held at temperatures of 200◦C, 225◦C, and 250◦C, respectively,
with tilt angle of 10◦. Across all temperatures and for all droplet sizes, increased droplet
velocity results in decreasing droplet lifetime. For constant temperature and droplet
velocity, increasing initial droplet diameter increases the droplet lifetime. Also plotted
on Figs. 3.17, 3.18, and 3.19 are results from numerical solutions to Eq. 3.10 and Eq.
3.14. For the 200◦C surface temperature case, numerical results predict Leidenfrost
droplet lifetime with good agreement for droplets with do = 2.54 mm ± 0.03 mm, while
results for droplets with do = 5.08 mm ± 0.05 mm and do = 7.64 mm ± 0.08 mm are
order-of-magnitude accurate. The trend of decreasing droplet lifetime with increasing
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droplet velocity is captured for all droplet diameters.











Figure 3.16: Droplet lifetime vs. droplet velocity for water droplets with initial di-
ameter do = 5.08 mm ± 0.05 mm droplet on an aluminum surface with 10◦ tilt angle
at temperatures of 200◦C, 225◦C, and 250◦C. Uncertainties in droplet velocity are
smaller than marker sizes.
Droplet lifetime results for the 225◦C case in Fig. 3.18 show silimar results to the
200◦C case where droplet lifetimes are predicted with good accuracy for initial droplet
diameters of 2.54 mm ± 0.03 mm. Results for do = 5.08 mm ± 0.05 mm and do = 7.64
mm ± 0.08 mm are order-of-magnitude accurate with noticeably increased model ac-
curacy when compared to the 200◦C results in Fig.3.17. Droplet lifetime trends are cap-
tured in this case for increasing droplet velocities across all droplet diameters. Similar
results are observed for the 250◦C plate temperature case shown in Fig. 3.19 with even
more noticable numerical model accuracy for dropelts of do = 5.08 mm ± 0.05 mm and
do = 7.64 mm ± 0.08 mm compared to the 200◦C and 225◦C cases.
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Figure 3.17: Experimental droplet lifetime results plotted against droplet velocity
for water droplets of varying initial diameter on a 200◦C aluminum surface with
10◦ tilt angle. Numerical droplet lifetime results from Eq. 3.10 and Eq. 3.14 are also
plotted. Uncertainties in droplet velocity are smaller than marker sizes.








Figure 3.18: Experimental droplet lifetime results plotted against droplet velocity
for water droplets of varying initial diameter on a 225◦C aluminum surface with
10◦ tilt angle. Numerical droplet lifetime results from Eq. 3.10 and Eq. 3.14 are also
plotted. Uncertainties in droplet velocity are smaller than marker sizes.
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Figure 3.19: Experimental droplet lifetime results plotted against droplet velocity
for water droplets of varying initial diameter on a 250◦C aluminum surface with
10◦ tilt angle. Numerical droplet lifetime results from Eq. 3.10 and Eq. 3.14 are also
plotted. Uncertainties in droplet velocity are smaller than marker sizes.
Figures 3.20, 3.21, and 3.22 show normalized droplet lifetime results plotted against
normalized droplet velocity for the aluminum surface held at temperatures of 200◦C,
225◦C, and 250◦C, respectively, with tilt angle of 10◦. Experimental droplet lifetimes are
normalized by numerical droplet lifetimes solved in the limit of zero convective heat
transfer. As surface temperatures increase, maximum deviation between numerical
and experimental results decrease from ∼ 40% for the 200◦C case to ∼ 30% in the 250◦C
case. This effect is likely due to increased dominance of thin film convective heat trans-
fer relative to natural convection with increasing surface temperature. To assess this
effect, the ratio of natural convection heat transfer to thin film convective heat transfer
to the droplet is computed using, qNC/qC = hNCδ∆T3/kv∆T1. The natural convective
heat transfer coefficient is computed from the correlation for the Nusselt number of
an inclined hot plate developed by Fujii and Imura [163], Nu = 0.56(GrPr)1/4, where
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Gr is the Grashoff number, Gr = L3c gβ (Ts −T∞)cosθ/ν2, Lc is the ratio of the top plate
area and plate perimeter A/p, β is the thermal expansion coefficient for air, Ts is the
plate temperature, T∞ is the ambient air temperature, ν is the kinematic viscosity for
air, and θ is the plate tilt angle. All air properties are evaluated at the bulk temperature
Tb = (Ts +T∞)/2. Results for qNC/qC at plate temperatures of 200◦C, 225◦C, and 250◦C
are 0.45, 0.037, and 0.0,3 respectively. This indicates increased dominance of thin film
convective heat transfer relative to natural convection, which is a higher-order effect
not accounted for in the mathematical models.










Figure 3.20: Normalized droplet lifetime plotted against droplet velocity for water
droplets of varying initial diameter on a 200◦C aluminum surface with 10◦ tilt an-
gle. Normalized numerical droplet lifetime results from Eq. 3.10 and Eq. 3.14 are
also plotted. Uncertainties in droplet velocity are smaller than marker sizes.
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Figure 3.21: Normalized droplet lifetime plotted against droplet velocity for water
droplets of varying initial diameter on a 225◦C aluminum surface with 10◦ tilt an-
gle. Normalized numerical droplet lifetime results from Eq. 3.10 and Eq. 3.14 are
also plotted. Uncertainty in velocity is smaller than marker sizes.










Figure 3.22: Normalized droplet lifetime plotted against droplet velocity for water
droplets of varying initial diameter on a 250◦C aluminum surface with 10◦ tilt an-
gle. Normalized numerical droplet lifetime results from Eq. 3.10 and Eq. 3.14 are
also plotted. Uncertainties in droplet velocity are smaller than marker sizes.
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Total distance travelled by the Leidenfrost droplets throughout the droplet lifetimes
are shown in Figs. 3.23, 3.24, and 3.25 for the 200◦C, 225◦C, and 250◦C surface temper-
atures, respectively, with tilt angle of 10◦. Across all temperatures, decreasing initial
droplet diameter results in decreasing droplet distance travelled. Increases in droplet
velocity linearly increase the distance travelled throughout the droplet lifetime sug-
gesting equal change in droplet evaporation rate and velocity. Increasing temperature
results in decreased droplet distance travelled at constant droplet initial size and ve-
locity. It is therefore desirable to have droplets moving slowly through a device at the
smallest possible initial droplet size to perform distillation in the smallest possible vol-
ume.








Figure 3.23: Droplet distance travelled throughout droplet lifetime as a function of
droplet velocity for water droplets of varying initial diameter on a 200◦C aluminum
surface with 10◦ tilt angle. Uncertainties are smaller than marker sizes.
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Figure 3.24: Droplet distance travelled throughout droplet lifetime as a function of
droplet velocity for water droplets of varying initial diameter on a 225◦C aluminum
surface with 10◦ tilt angle. Uncertainties are smaller than marker sizes.








Figure 3.25: Droplet distance travelled throughout droplet lifetime as a function of
droplet velocity for water droplets of varying initial diameter on a 250◦C aluminum
surface with 10◦ tilt angle. Uncertainties are smaller than marker sizes.
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To assess the influence of the plate tilt angle on the Leidenfrost droplet lifetime, ex-
periments at constant velocity, initial droplet size, and surface temperature were con-
ducted. Figure 3.26 shows Leidenfrost droplet lifetimes plotted against tilt angle for
droplets of do = 2.54 mm ± 0.03 mm with velocity of 34.7 ± 0.3 cm/s atop a plate with
temperature of 200◦C. Droplet lifetimes decrease as plate tilt angle is increased. It is
suspected that centrifugal and natural convection are likely causes of the decrease in
droplet lifetimes as a result of increasing plate tilt angle. As tilt angle increases, the re-
sultant force between gravity and centrifugal acceleration increases. Figure 3.27 shows
a cross-sectional view of a Leidenfrost droplet rolling in a circular track rotating along
an axis of rotation shown by the dotted line and ‘x’ tilted with angle θ with respect to
the horizontal plane. Let ĝ be the resultant vector between gravitational and centrifu-
gal acceleration vectors, g and gc, respectively. The magnitude of the centrifugal accel-
eration is expressed as ||gc || = Rplateω2 and is equal to 1.9 m/s2 in this case. The mag-
nitude of the resultant vector can be expressed as ||ĝ || =
((
gc cosθ
)2 + (g + gc sinθ)2)1/2.
The expression for thin film convective heat transfer to the Leidenfrost droplet derived
in Eq. 3.7 suggest thin film convection has a one-third power dependence on grav-
ity such that q ∼ g 1/3. Replacing g with the magnitude of the new resultant vector ||ĝ ||
and assuming constant droplet contact area in the channel, the ratio between thin film
convection at 20◦ and 4◦ tilt angles is q20◦/q4◦ = 1.016. This result suggests a less than
2% increase in thin film convective heat transfer to the droplet as a result of increasing
centrifugal acceleration at steep tilt angles and does not explain the magnitude of the
decreased droplet lifetimes at large tilt angles.
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Figure 3.26: Droplet lifetime and Richardson number as a function of plate tilt
angle for water droplets with do = 2.54 mm ± 0.03 mm, travelling with a velocity
of 34.7 ± 0.3 cm/s, on a 200◦C aluminum surface. Uncertainties in tilt angle are
smaller than marker sizes.
The role of natural convection is assessed by computing the Richardson number,
Ri = Gr/Re2. The Richardson number describes the relative order of magnitude of
forced and natural convection. If Ri ≪ 1 then free convection is negligibly small rel-
ative to forced convection, and may be neglected. The Grashoff number for the heated
circular plate is estimated using the correlation from Fujii and Imura [163] for an in-
clined hot plate shown earlier. Figure 3.26 shows Richardson numbers for tilt angles
between 4◦ and 20◦ for water droplets with do = 2.54 mm ± 0.03 mm, travelling with
a velocity of 34.7 ± 0.3 cm/s, on a 200◦C aluminum surface. Richardson numbers for
4◦, 10◦, and 20◦ tilt angles are 0.13, 0.33, and 0.65 respectively. At 4◦ natural convection
may be neglected, especially due to the dominance of thin film convection, which is
far more relevant than forced convection. For 10◦ tilt angle where Ri = 0.33, natural
convection may also be neglected again due to the dominance of thin film convection
67
over natural and forced convection. At 15◦ tilt angle and beyond Ri ≥ 0.5, and at a
20◦ tilt angle Ri = 0.65 indicating that natural convection becomes significant and not-
negligible relative to forced convection. Aside from increased natural convective forces
as a function of tilt angle, droplets in the hemi-circular channel are pulled up closer to
the ‘rim’ of the channel, where free-stream effects from natural convection are more
noticeable. The observed increase in Richardson number with increasing angle as well
as the droplet approaching channel rim are the most likely effects to decrease droplet




Figure 3.27: Cross-sectional view of a Leidenfrost droplet rolling in a circular chan-
nel with angle θ. The resultant vector ĝ is a combination of gravitational acceler-
ation g and centrifugal acceleration gc resulting from plate rotation along the axis
of rotation shown by the dotted line and the ‘x’.
3.5 Conclusion
Terrestrial and microgravity investigations of the Leidenfrost phenomenon rele-
vant to potential applications aboard spacecraft life support systems have been pre-
sented. Analytical models are presented that predict Leidenfrost vapor layer thick-
68
nesses in microgravity for low velocity droplet impacts. A model for dynamic Leiden-
frost droplets rolling on heated surfaces is also presented accounting for thin film con-
vection and forced outer convection heat transfer to the droplets.
Novel microgravity Leidenfrost impact experiments are presented showcasing a va-
riety of high-velocity dynamic Leidenfrost impacts on planar surfaces, surfaces with
macro-roughness, and surfaces with cylindrical cross-sectional geometry in short du-
ration drop tower tests. Also demonstrated are Leidenfrost droplet transport ex-
periments through tortuous conduits in microgravity where droplets and streams of
droplets are ejected through superheated tubes of varying lengths, diameters, and
pathway geometry. Droplet transport between plates is presented where it is found
that droplets bouncing between two parallel superheated plates experience decreases
in incident and reflected angles due to Leidenfrost vapor recoil forces acting perpen-
dicular to the impacted surfaces. This vapor recoil force is observed in low-velocity
impacts where ethanol droplets are shown to propel away from superheated surfaces
at increased normal velocity. In perhaps a first observation, the production of a large
‘millimetric’ vapor layer thickness of a liquid nitrogen droplet ejected nearly parallel to
a superheated surface was achieved. The observed deflection of the droplet was mea-
sured to be 1.2 mm, which is in good agreement with the analytical prediction from
Eq. 3.5 of 1.6 mm for the vapor layer thickness. Terrestrial vapor layers are typically
‘micro-metric.’
To estimate possible performance of such processes in the sustained low-g envi-
ronment of orbiting spacecraft, terrestrial Leidenfrost droplet lifetime experiments are
presented for a stationary drop on a rotating Leidenfrost stage. The results show de-
creased droplet lifetime with increased droplet velocity, as well as a general decrease
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in droplet lifetime with increased tilt angles. Results from the mathematical model de-
veloped compare somewhat favorably with experimental results. The analyses capture
general droplet lifetime trends as well as overall droplet lifetimes to within ± 30%. The
tests performed herein are supported by analyses that show how Leidenfrost phenom-
ena is significantly enhanced in low-g environments.
With this knowledge, the utility of Leidenfrost phenomenon in microgravity is re-
vealed as an attractive means of establishing essentially non-contact methods of fluids
transport aboard spacecraft. For the present example, both experimental and theoret-
ical results for Leidenfrost droplet lifetime and evaporation rates can serve as prelim-
inary design tools for a Leidenfrost distillation system. We demonstrate non-contact
microgravity Leidenfrost droplet impact phenomena on a variety of surface geometries
for a variety of impact conditions. Leidenfrost droplet impacts in circular conduits are
particularly applicable to practical microgravity distiller design. We also show how the
addition of superhydrophobicity drastically reduces Leidenfrost temperatures for wa-
ter from ~206◦C to as low as ~140◦C in microgravity. Such superhydrophobic substrates
are observed to reduce fouling substantially, with fouled superhydrophobic surfaces
capable of recovering their non-wetting characteristics after a simple rinse with clean
water. These demonstrations encourage further exploitation of Leidenfrost phenom-
ena towards fluids processing applications aboard spacecraft, such as water recovery
via non-contact distillation from contaminated water sources for life support.
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Chapter 4
Omni-Gravity Nanophotonic Heating and Leidenfrost-Driven
Fouling-Free Water Recovery System
The work presented in this chapter is a result of a collaborative effort supported in
part by a NASA Small Business Innovative Research Phase I Grant (80NSSC18P1957)
and a NASA Space Technology Research Fellowship titled Leidenfrost Driven Waste-
Water Separator, September 15, 2017: CoTR Jennifer Pruitt. We acknowledge contri-
butions from Rawand M. Rasheed, Evan A. Thomas, Mark M. Weislogel, Paul Gardner,
Tanya Rogers, and Rafael Verduzco in this work. We also acknowledge the efforts of
John C. Graf.
4.1 Introduction
As highlighted in Chapter 1, even the current generation of spacecraft and terres-
trial water recovery technologies are susceptible to failures caused by bio-fouling and
mineral scaling, which can clog mechanical systems and degrade the performance of
water recovery technologies [164]- [166]. Such failures require expensive and time-
consuming maintenance and resupply and are thus limited to spacecraft where these
resources are available [167]. Long duration spaceflight missions, such as extended
stays at Lunar Outposts or during Mars transit, will increasingly benefit from water re-
covery hardware that minimizes the impact of fouling on hardware failures. Such sys-
tems would also benefit from a minimization in the number of moving parts, energy
usage, and maintenance requirements. In this chapter, capillary fluid management
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is employed in conjunction with nanophotonic hyper-localized heating to promote
fouling-free fluid management at all levels of gravity. The Leidenfrost phenomenon is
again exploited in this work to achieve fouling-free non-contact heat-driven distilla-
tion of waste-water streams capable of > 98% of water recovery.
Capillary fluid management systems have been utilized aboard spacecraft for
decades. These systems typically employ clean, single-phase fluids such as propel-
lants, cryogenics, and thermal-fluids where the wetting conditions are known and fa-
vorable with contact angle θ generally equal to 0◦ [168]. However, for life support fluids,
partial wetting conditions (0◦ < θ < 90◦) are far more common and are often consid-
ered unfavorable for capillary solutions due to insufficient or erratic wetting condi-
tions. As a result, capillary solutions have historically been under-utilized for water-
based systems aboard spacecraft. Instead, forced flows and rotary separation devices
have been employed to perform essential fluid phase separations [168]. Such engineer-
ing solutions employing dynamic system components (e.g. Space Shuttle rotary fan
separator) are potentially unfavorable due to power consumption, increased system
complexity, noise, and increased failure modes [169]. In comparison, utilizing capillary
phenomenon even when wetting conditions are not optimal has the potential of offer-
ing advantages over current state-of-the-art technologies potentially reducing moving
components, power consumption, and noise while increasing reliability. Weislogel et
al. [168] and Weislogel et al. [170] developed a static phase separator (SPS) employ-
ing overlapping geometric capillary solutions to convert droplet streams to separated
gas-liquid volumes. The SPS was tested in reduced gravity flight experiments and was
shown to be capable of accommodating highly variable unfavorable wetting condi-
tions. A sub-scale prototype achieved nearly 100% separation for fluids with widely
72
varying contact angles. In contrast to state-of-the-art mechanical approaches, it is
anticipated that passive capillary driven liquid phase separation is feasible directly
in place of active rotary separators for wastewater applications. Thomas and Muir-
head [115] demonstrate increased wetting of urine on fouled surfaces, resulting from
fouling caused by solutes in urine. This suggests an added benefit to capillary fluid
containment solutions employed for management of waste streams. An omni-gravity
SPS for multiphase liquid-gas flows is developed in this work.
Nanophotonic heating may be exploited for the pasteurization of waste-water in
the SPS. When spherical nanoparticles (i.e., gold or carbon) interact at a specific wave-
length of light, the nanoparticle experiences a harmonic shift in electron polarity
throughout the nanoparticle. This causes the particle to resonate producing localized
heat around it for a distance on the order of micros [171]. This phenomenon is known
as surface plasmon resonance [172]. Hogan et al. [173] demonstrate localized heating
and steam generation in a water bath without significant heating of the bulk solution
by employing light induced localized heating of dispersed nanoparticles. In such a
regime, light is both scattered and absorbed inducing concentrated electromagnetic
energy in a small volume. Neumann et al. [174] demonstrate this effect using solar
light in place of an artificial light. The study of light-induced heating of nanoparticles
has gained much attention in the past decade [175]- [178] for applications in localized
drug delivery [179], cancer treatment [180] [181], salt-water distillation [182], and oth-
ers [183] [184]. Herein, we utilize IR LED induced localized heating of carbon black
nanoparticles for pasteurization of streams of waste-water.
The Leidenfrost phenomenon is again exploited herein to promote heat driven
non-contact distillation of waste-water droplet streams. Heat driven distillation is typ-
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ically employed in the pooling boiling regime to perform distillation of liquid-liquid
and liquid-solute solutions. Liquid droplets undergo pool boiling when deposited on
substrates at or slightly above the liquid’s boiling temperature. In this regime, droplets
undergo nucleate boiling and boil away in seconds. However, if liquid droplets are de-
posited on a substrate with a temperature significantly higher than the liquid’s boiling
temperature, the droplets do not undergo nucleate boiling, but will instead levitate on
their own vapor layer. The droplets levitate above and are insulated from the heated
substrate by this vapor layer, reducing heat transfer to the droplets by orders of mag-
nitude and eliminating nucleation sites for bubble formation. These combined effects
significantly increase droplet lifetimes. For example, capillary sized droplets of water
deposited on an aluminum surface held at the Leidenfrost point of water on aluminum
(193◦C) will take minutes to evaporate completely.
Exploiting the Leidenfrost phenomena to perform distillation of streams of
droplets is advantageous for spacecraft applications. The non-contact nature of the
phenomenon enables touchless, potentially fouling-free distillation. Leidenfrost dis-
tillation is also heat-driven, enabling complete distillation of droplets of waste-water
to their salty constituents. Stamey and Mihara [122] present experimental results for
bacterial growth in sterile urine from human subjects, discovering that exponential
bacterial growth occurs after two hours for all types of bacteria. Leidenfrost distillation
rates are comparable to urine production/delivery rates of humans, which permits es-
sentially real-time distillation of streams of droplets at elevated temperatures. Liquid
solutions of urine processed essentially on-demand at temperatures in excess of 70◦C
ensure minimal microbial growth, reducing, if not eliminating, the need for urine pre-
treat chemicals used to significantly hinder the rate of bacterial growth in urine in the
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current state-of-the-art urine-water recovery technology. Lastly, only simple motive
forces are necessary for transport of droplet streams in the Leidenfrost state due to the
high mobility of Leidenfrost droplets resulting from vapor layer separation of droplets
from surfaces. Viscous drag from the vapor layer is negligibly small leading to nearly
frictionless motion across the heated surfaces.
The Leidenfrost effect has been studied extensively for its relevance to numerous
applications including metals manufacturing, fuel combustion, jet and rocket engine
propulsion, spray cooling, nuclear reactor cooling, and others [123]- [131]. Selected
works are highlighted here. Biance et al. [132] investigated Leidenfrost phenomenon
providing a scale expression for static Leidenfrost droplet lifetimes. Orzechowski and
Wcislik conduct an experimental investigation of static Leidenfrost droplet heat trans-
fer and evaporation rates [143]. Maquet et al. [144] demonstrate the Leidenfrost point
has a weak dependence on gravity level, but that Leidenfrost droplet lifetimes have
a strong inverse dependence on gravity. Vakarelski et al. [185] report significant de-
creases in the Leidenfrost point on microstructured superhydrophobic surfaces, which
was found to result from vapor layer stabilization on such surfaces. Exploratory
low-gravity Leidenfrost behavior has been pursued in drop tower tests [103] [105].
Rasheed and Weislogel present evaporation rates for dynamically rolling Leidenfrost
droplets and investigate Leidenfrost phenomenon in low-gravity, including dynamic
Leidenfrost droplet impacts and Leidenfrost droplet transport through conduits [112].
Rasheed and Weislogel [159] present facile production methods for superhydrophobic
surfaces, including thermally stable surfaces, utilized for Leidenfrost droplet distilla-
tion experiments.
Herein, a water recovery concept is proposed and developed that employs the Lei-
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denfrost phenomenon to promote non-contact heat-driven distillation of streams of
salt-water droplets. A hot aluminum hemi-circular track approximately 8.5 m in length
is employed to perform droplet distillation. An omni-gravity SPS is developed taking
advantage of geometry to separate gas and liquid phases from incoming fluid streams
in microgravity and gravity dominated environments (1− go and partial gravity). Sur-
faces of the SPS are coated with carbon black nanoparticles that are irradiated with
IR LED’s enabling heating of surfaces and subsequent pasteurization of fluid streams.
The developed system takes advantage of gravitational forces in gravity dominated en-
vironments while utilizing capillary forces in microgravity performing fluid contain-
ment, management, and waste-water distillation in all levels of gravity.
4.2 Wate-Water Recovery System Development
4.2.1 System Overview
The omni-gravity nanophotonic heating and leidenfrost-driven fouling-free water
recovery system (WRS) is a two loop system capable of continuous processing of up to
one liter of waste-water at a rate of 500 mL/hr. Figure 4.1 shows a block diagram of the
WRS. The architecture remains the same for all gravity environments, but the unit pro-
cessing conditions vary. Waste-water streams aboard spacecraft typically comprise of
humidity condensate from cabin atmospheres resulting from human respiration and
perspiration, urine streams, and greywater, which consists of waste-water resulting
from hygiene (shower), sink (hand-wash), and laundry streams. Humidity condensate
streams are typically collected by other systems aboard spacecraft (i.e. condensing
heat exchanger) and are sterile enough to be directly distilled. In the WRS, humid-
ity condensate streams are sent directly to the distillation step, as shown in Fig. 4.1.
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The distillation step also receives a stream of waste-water from the SPS. The distil-
lation step is designed to process waste-water streams at a rate of up to 500 mL/hr.
Urine streams from the urinal and greywater are fed into the SPS with a one liter ca-
pacity, where the waste-water stream is pasteurized by nanophotonic heating induced
by IR light interacting with carbon black nanoparticles. This stream is then sent to the
Leidenfrost distiller. All distilled streams go through a quality check where ‘passing’
streams go into a potable water supply, and ‘failed’ streams sent back to the SPS for
repeat processing. Figure 4.2 provides a CAD rendering of the complete system with
respective system components labeled. Each system component and respective step























Figure 4.1: Block diagram of the integrated Water Recovery System.
4.2.2 Liquid-Gas Static Phase Separator Design
The passive SPS device was previously developed and tested in a low-gravity en-
vironment demonstrating successful liquid-gas phase separation under highly vari-
able wetting conditions [168]. In this work, we utilized the results from the sub-scale
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designs to develop a full-scale SPS capable of separating and retaining up to one
liter of liquid in microgravity and partial gravity environments. Figure 4.3 provides
a schematic of the SPS with cross-sectional geometries outlined at key locations. In
microgravity, waste-water streams enter the SPS and traverse a series of loops induc-
ing modest centrifugal forces on the droplet stream causing droplets to impact the
walls of the device. Cross-sectional interior corner geometries in the SPS cause wet-
ting fluids (θ < 90◦) to wick into the interior corner. Capillary forces hold the fluid in
the interior corner. A capillary gradient resulting from varied interior corner half angle
(cross-section A-A to B-B) and veined structures (cross-section C-C) at the SPS outlet














Figure 4.2: CAD rendering of the water recovery system with labeled system com-
ponents.
In gravity dominated environments (ie. Lunar, Martian, and Earth surfaces) the
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separation of liquid-gas streams in the SPS is accomplished predominantly by stabi-
lization and sedimentation. The SPS interior core is designed with a 5◦ slope. While a
sloped interior helix does not influence microgravity performance, it provides a mode
of transport for incoming liquid to drain downstream from the SPS inlet, shown in Fig.
4.2, to the finned reservoir. The finned reservoir is sloped at 30◦ to promote fluid con-
tainment in a gravity dominated environment. Figure 4.4b shows a CAD rendering of
the assembled SPS with transparent features to showcase inner geometries of the de-
vice, including the sloped SPS core and reservoir.
A CAD model with exploded view of the SPS highlighting the individual system
components is shown in Fig. 4.4a. The SPS is a multi-component device consisting of
a helical coiled core, a conical body for liquid-gas separation, and carbon coated fins.
The SPS body is made primarily of aluminum (Fig. 4.4a gray and blue components).
The fins (Fig. 4.4a yellow) are carbon black coated aluminum and the helical coil core
(Fig. 4.4a red) is 3D printed polylactide (PLA). The SPS has a glass window where IR
LED lights are mounted to irradiate the carbon black nanoparticles on the fins. All the
components are assembled with an array of screws and bolts (assembled SPS shown
in Fig. 4.2 and Fig. 4.4). Figure 4.4b shows a CAD rendering of the assembled SPS with
transparent features showing inner geometries in the assembled device.
4.2.3 Carbon Black Nanoparticle Coating
The triangular aluminum fins (Fig. 4.2 & Fig. 4.4) are manufactured from 2.5 mm
thick aluminum and coated with carbon black nanoparticles deposited by a plasmonic
nanoparticle solution. Activated carbon CEP21K (surface area 2040 m2/g) was pur-
chased from Power Carbon Technology Co., Ltd. Gold nanoparticles (AuNP) of 15 nm
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outer diameter (OD) suspended in 0.1 mM phosphate-buffered silane (PBS) was pur-
chased from Sigma-Aldrich. Fully hydrolyzed Poly(vinyl alcohol) (PVA, MW = 89,000












Figure 4.3: Schematic the static phase separator showing a top-down view of the
device with cross-sectional views of the internal geometries. Separation of liquid-
gas streams in microgravity is achieved utilizing centrifugal forces to promote
droplet impacts onto surfaces. Liquid is then wicked down into the interior cor-
ners, where the energetic states are favorable for fluids. Separation of liquid-gas
streams in partial gravity environments is achieved in the static phase separator
















Figure 4.4: (a) CAD rendering of static phase separator exploded assembly view.
Metal components (gray and blue) are made of aluminum, fins (yellow) are car-
bon black coated aluminum, and helical coil (red) is 3D printed out of polylactide
(PLA). (b) A CAD rendering of the assembled static phase separator with transpar-
ent features showcasing inner geometries of the device.
The plasmonic nanoparticle surface treatment solution was prepared with a solu-
tion composition of 70 wt% of high-surface-area powdered activated carbon (PAC), 20
wt% of 15 nm gold nanoparticles in aforementioned buffer solution, and 10 wt % of
polymeric binder (linear polymer PVA and cross-linker GA) based on total mass. First,
81
6 wt% PVA solution was prepared by mixing PVA in DI water at 90◦C for 4 hours. Next,
5 mol% (relative to PVA repeat units) of GA solution was added and mixed for 1 hour.
PAC was added slowly along with additional DI water, giving a solid content of the solu-
tion of approximately 30 wt%. The resulting mixture was stirred for 12 hours to ensure
solution homogeneity. Lastly, 20 wt% of AuNP was added to the solution and allowed
to mix for an additional hour. In total, 6 mL of nanoparticle solution was manually
flow-coated onto each aluminum fin. A pipette was used to deposit the solution across
the fin surface and then spread into a thin film using an acrylic planar surface. The fins
were allowed to dry at room temperature then placed in an oven at 130◦C for 1 hour





Figure 4.5: Post process aluminum fins coated with carbon black nanoparticles.
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4.2.4 Non-Contact Leidenfrost Distiller Design
The non-contact Leidenfrost distiller is designed to distill a stream of waste-water
droplets. It is perhaps the most gravity sensitive component of this system. The Lei-
denfrost distiller needs to incorporate sufficient droplet residence time in the distiller
to perform optimal distillation of each individual droplet. Too much residence times
result in complete droplet distillation before exiting the distiller, potentially resulting
in fouling the distiller surfaces while too little residence times result in droplets that
are not sufficiently distilled upon exiting the distiller. Approximately 90% droplet dis-
tillation in the Leidenfrost distiller is selected to significantly distill droplets while pro-
tecting distiller surfaces from potential fouling due to precipitation of solutes in waste-
water solutions, which result in wetting and fouling of surfaces. Passive evaporation in
a heated, disposable catch basin performs the remainder of the distillation. Figure 4.6
shows a series of images of a urine droplet distilled on a superhydrophobic surface
held at 140◦C, above the Leidenfrost point of water on a superhydrophobic surface.
After approximately 93% droplet distillation, the solutes in urine begin to precipitate,
changing the urine composition from predominantly water-based to oil-based. Oily
solutions have drastically lower surface tension values than water, resulting in dramat-
ically elevated Leidenfrost point temperatures relative to water [146]. This transition is
shown in Fig. 4.6 at t = 100 s, and t = 103 s where the droplet wets (and fouls) the super-
hydrophobic surface. To ensure ideal droplet distillation, the design of the Leidenfrost
distiller requires optimization of two independent variables, surface temperature and
pitch. Pitch defines the droplet velocity and residence time in the distiller and the tem-
perature dictates droplet distillation rate.
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3 mm
t = 0 s t = 18 s t = 36 s t = 56 s
t = 75 s t = 100 s t = 103 s t = 105 s
Figure 4.6: A droplet of urine distilled on a superhydrophobic plate held at 140◦C.
The droplet has a diameter of 3.9 mm at t = 0 s and begins to undergo wetting
between t = 100 s and t = 103 s, where the droplet radius is reduced below 1.7 mm,
signifying a ∼92% reduction in droplet volume.
Droplet evaporation rates are predicted from a simple mathematical model de-
scribing the heat transfer from a hot surface to a droplet on a surface above the Lei-
denfrost temperature. Figure 4.7 provides a schematic of a droplet with time varying
radius r (t ) at saturation temperature Td rolling with linear velocity u on a superheated
surface with temperature Ts and tilt angle α in an ambient environment with tem-
perature T∞. Through a balance in hydrostatic pressure from droplet mass and vapor







cp∆T2 +h f g
))1/3 , (4.1)
84
where kv is the droplet vapor thermal conductivity, ρl is the liquid droplet density, ρv
is the droplet vapor density, µv is the droplet vapor viscosity, cp is the droplet spe-
cific heat, h f g is the droplet latent heat of vaporization, g is gravitational acceleration,
∆T1 = Ts −Td is the difference between plate temperature and droplet saturation tem-
perature, and ∆T2 = Td −To is the difference between droplet saturation temperature
and initial droplet temperature. Assuming a planar droplet surface at the droplet sub-
strate interface and balancing vapor pressure with viscous forces where vapor pressure
is expressed in terms of the droplet hydrostatic pressure a scale expression for the va-










is computed for the vapor flow and suggests laminar flow in the vapor layer. Assuming
constant planar substrate temperature with insulated boundary condition the Nusselt
number is constant and equal to 4.86 [160]. Using Eq. 4.1 and setting the droplet heat
transfer area equal to the projected spherical cap area at approximately 90% of the
droplet radius, an expression for steady thin film convection through the vapor layer
to the droplet can then be expressed as








Order of magnitude comparisons show that thin film convection is the dominant mode
of heat transfer to the droplet while outer forced convection, free convection and ra-
diation are negligibly small. Forced outer convection over the spherical drops may be
considered in this case as was done by Rasheed and Weislogel [112], but for the operat-
ing conditions of the Leidenfrost distiller device, the spherical drop forced convection
is also negligibly small. The mass rate of change for an evaporating spherical droplet
can be expressed as
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ṁ =−4πρl r 2rt , (4.3)
where rt ≡ dr /d t is the time rate of change of the droplet radius. The evaporative
mass flowrate is expressed in terms of the total heat transfer to the droplet using the
expression q = ṁ (cp∆T2 +h f g ), substitution into which Eqs. 4.2 and Eq. 4.3 result in a









cp∆T2 +h f g
))2/3 (2ρv g )1/3 . (4.4)
A single integration of Eq. 4.4 with r (t = 0) = Ro results in,
r (t ) = Ro −kt , (4.5)








))2/3 (2ρv g )1/3. Solutions to Eq. 4.5 are used to predict the
overall lifetime of a droplet on a surface heated past the Leidenfrost temperature for all
levels of gravity.
Figure 4.7: A droplet rolling with linear velocity u on a heated tilted substrate ex-
ceeding the liquid’s Leidenfrost point.
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The Leidenfrost distiller employs a gravity feed for waste-water droplet deliv-
ery. Such droplets are typically capillary sized droplets. The capillary length-scale
is predicted for any celestial body through a balance between capillary and gravi-






is derived where σ is the fluid surface tension and ∆ρ is the difference
in density between interfacing fluids (i.e., water-air). For a terrestrial system, capillary
sized droplets are typically on the order of 2.7 mm in diameter. The Leidenfrost distiller
is designed to operate at 230◦C to ensure that surfaces stay well above the Leidenfrost
point of water on aluminum. Solutions to Eq. 4.5 for the time to distill a capillary sized
water droplet to 90% of the original radius atop a surface held at 230◦C suggest a total
residence time of approximately 77 s.
For the Leidenfrost distiller design, a sloped circular channel was designed and
manufactured from aluminum. Figure 4.8a shows a CAD rendering of the designed
Leidenfrost distiller. A scale expression for the slope of the channel was derived equat-
ing the energy resulting from gravity to the rotational and translational kinetic energy
of the droplet and work done on the droplet due to air-drag. A channel pitch angle
of 0.25◦ was derived. Figure 4.8b shows a CAD rendering of the Leidenfrost distiller
cross section showcasing the distiller pitch. A corresponding total channel length of
∼ 8.5 m is required to ensure droplet residence time of ∼ 75 s in the distiller. Based
on maximum characteristic droplet diameter (2.7 mm), the channel was milled with a
3/8” ball nose end mill resulting in a semicircular cross section (shown in Fig. 4.8b).
The Leidenfrost distiller tracks were manufactured with machined grooves for O-ring
placements. A 0.25” thick glass lid was mounted atop the Leidenfrost distiller tracks
sealed with high-temperature O-rings, and clamped with four brackets at each corner
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Figure 4.8: (a) An isometric view of the CAD model of the Leidenfrost distiller and
(b) a cross sectional view of the Leidenfrost distiller.
The droplet evaporation model of Eq. 4.5 provides a design tool for the Leidenfrost
distiller. As shown in Eq. 4.5, distillation rates in the Leidenfrost state have a weak
power law dependence on gravity. Although weakly dependent on gravity, changing
the gravitational constant from terrestrial (1-go) to Lunar surface (1/6− go) and hold-
ing all else constant results in 129 s, or a 1.7 factor increase, to achieve 90% distillation
of a 2.7 mm droplet. Gravity fed droplets on the Lunar surface will also have different
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characteristic sizes than terrestrial droplets. Droplets will have a capillary length on
the order of 6.6 mm on the Lunar surface. Further, gravity driven droplet velocities are
directly proportional to gravitational acceleration imparted on them. The dramatically
varying system parameters resulting from varying gravity levels means that Leidenfrost
distiller designs are uniquely optimized for a single gravitational environment. Despite
this, however, Leidenfrost distiller designs for different gravity environments can read-
ily be resized using the developed design tools.
4.2.5 Auxiliary System Components
Other system components include Leidenfrost distiller heaters, heater controls,
thermal insulation, a vacuum pump, condenser, and plumbing elements. Figure 4.9
shows an image of the full system build with labeled system components. The Leiden-
frost distiller heaters shown in Fig. 4.9 were manufactured from k23 firebricks and two
resistance heater wires each with 8.4 Ohm nominal resistance capable of dissipating
1440 W of power per heater wire at 110 V, providing a total of ∼2900 W heating power
to the distiller. The resistance heating wires were laid onto and stapled into the fire-
brick with heavy duty staples to mount the wire to the brick. A temperature control
circuit consisting of a temperature controller, thermocouples, and high power relays
were utilized to control resistance heater power and maintain set point temperatures
in the Leidenfrost distiller. The Leidenfrost distiller was wrapped in 4” of high temper-
ature ceramic fiber insulation to limit thermal losses to the environment.
IR LED strips 940 nm nominal wavelength shown in Fig. 4.9 were utilized for
nanoparticle irradiation. A jacketed glass coiled reflux condenser 200 mm in length
was assembled with a Koolance computer cooling loop capable of ∼ 1700 W of cool-
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ing, which consisted of a radiator, cooling fans, and coolant circulating pump (shown
in Fig. 4.9). The vapor trail and salty droplets from the Leidenfrost distiller are routed
through a waste catch basin (shown in Fig. 4.9), where salty droplets are captured and
stored. The vapor trail is pumped from the catch basin through the condenser where
it is condensed and captured in a distillate catch basin (shown in Fig. 4.9). The whole
system is interconnected with vacuum tube plumbing, with a vacuum pump inline to













Black Fins IR LED Strips
Catch Basins
Figure 4.9: Final water recovery system build. Thermal insulation is omitted.
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4.3 Results and Discussion
4.3.1 Nanophotonic Heating
The nanoparticle coated aluminum fins were directly exposed to an IR LED source
at a peak wavelength of 940 nm. Under the presence of the photon emitting field, elec-
trons inside the nanoparticles were mobilized as energy carriers through plasmon res-
onance phenomenon. Excitons were created as heat dissipated through an interband
absorption process, both scattering and adsorbing light. The nanoparticles concen-
trated light energy into mesocale volumes near the illuminated fin surface, creating in-
tense localized heating and providing an elevated temperature source for surrounding
mediums. Three case scenarios were tested for localized heating using a SEEK ther-
mal imaging camera. For the baseline scenario, an aluminum coupon was coated with
3 mL of activated carbon CEP21K-H2O solution and room temperature readings were
recorded. For the second scenario, the coupon was exposed to a 940 nm IR LED strip
with density of 60 LED’s/m placed in a fixed position 70 mm parallel from the plate
surface. Temperature readings were recorded at 1 minute intervals until incremental
changes were no longer observed after 4 minutes. For the third scenario, 20 wt% of
15 nm gold nanoparticle constituent was added to activated carbon CEP21K-H2O so-
lution and 3 mL was surface coated onto a fresh aluminum coupon. The coupon was
placed in the same test configuration from scenario two and exposed to LED photons
for 4 minutes.
Figure 4.10 shows images highlighting the thermal imaging results for cases 1,2,
and 3. Test coupon 2 (Fig. 4.10b) coated with activated carbon-H2O solution reached a
maximum surface temperature of 84 ◦F after 4 minutes of LED exposure. Test coupon
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3 (Fig. 4.10c) was coated with activated carbon-H2O and gold nanoparticle constituent
reached a maximum surface temperature of 91 ◦F after 4 minutes of exposure. These
elevated temperatures, in combination with the biocidal nature of gold nanoparticles
[186] [187] due to the oligodynamic effect, are capable of rendering microbes inactive




Figure 4.10: Thermal images from (a) baseline carbon black nanoparticle alu-
minum coated fin at room temperature and (b) exposed to 940 nm IR LED strips
with density of 60 LED’s/m. (c) Aluminum fin coated with activated carbon
CEP21k-H2O solution with 20 wt% of 15 nm gold nanoparticle constituent added
and exposed to 940 nm IR LED strips with density of 60 LED’s/m.
4.3.2 Salt-Water Distillation
The Leidenfrost Distiller was tested with salt-water as a urine ersatz fluid. A salt-
water salinity of 40 milliSiemens (mS) was chosen, which is approximately that of sea-
water, to closely approximate urine solids content. The distiller operating temperature
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for distillation experiments was set to 230◦C. Experiments were conducted wherein
salt-water was fed to the distiller in the form of a stream of droplets, as shown in Fig.
4.11. Distilled salty brine droplets were captured in the brine container (shown in Fig.
4.9). Steam from the Leidenfrost distiller was pumped to the condenser with the vac-
uum pump and captured as distillate in the distillate container. The Leidenfrost dis-
tiller operation was recorded with a highspeed HD video camera. Throughout the op-
eration of the Leidenfrost distiller, scaling and deposition of salt-water on distiller sur-
faces was not observed. Surfaces remained free of salt residue throughout the duration





Figure 4.11: Top down view of the Leidenfrost distiller operating at 230 ◦C with
droplets of 40 mS salt-water flowing through the distiller.
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Salinity and volume of the captured brine and distillate were measured at varied
intervals. Figure 4.12 shows a bar-plot of the ratio of distillate and brine volumes col-
lected. The sum of the ratio of distillate and brine is equal to one. The amount of dis-
tillate collected was on average about 40% of the total initial influent volume, meaning
the Leidenfrost distiller achieved only about 40% water recovery from salt-water. This
figure is about half of the target 90% water recovery rate. Figure 4.13 shows a plot of ex-
perimentally measured evaporation rates of individual droplets measured from videos
of the Leidenfrost Distiller experiments. The distiller design operating temperature of
230◦C and an elevated operating temperature of 310◦C were investigated. Also plot-
ted on Fig. 4.13 are theoretically determined droplet evaporation rates from Eq. 4.5
to assess the accuracy of the developed droplet lifetime model. Experimental and the-
oretical results presented in Fig. 4.13 for droplet evaporation rates at 230◦C indicate
good agreement with theoretical results predicting experimental droplet evaporation
rates with an average error of ∼ 35%. At 310◦C, Eq. 4.5 is order-of-magnitude accurate,
underpredicting experimental droplet evaporation rates with an average percent error
of ∼ 54%. There is an observable increase in deviation from experimental and theoret-
ical results when comparing results from 230◦C and 310◦C. This is likely due to the flat
plate assumption in the model where conductive heat-flux to the droplet is assumed
to result exclusively from the surface the droplet is rolling upon. In the Leidenfrost dis-
tiller channels, however, there is some conductive heat transfer from the distiller walls,
which are not accounted for in the model, explaining why the model typically under-
predicts evaporation rates, and why there is an increased deviation in the theoretical
and experimental evaporation rates at the higher temperature.
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Figure 4.12: Ratio of distillate and brine to the total starting fluid volume out of the
Leidenfrost distiller.
The model used to size the Leidenfrost distiller predicted droplet evaporation rates
with reasonable accuracy, and exclusively provided conservative estimates for droplet
evaporation rates. Therefore, the lack of total droplet distillation in the Leidenfrost dis-
tiller is not due to significant inaccuracies in the droplet evaporation model used to size
the distiller itself. Further examination of the distiller operation showed that average
droplet residence time in the distiller was approximately 30 seconds. The Leidenfrost
distiller was designed to operate at 230◦C and sized for droplets to reside in the dis-
tiller for approximately 75 s to achieve 90% distillation. The distiller was sized with the
assumption that droplets would be exclusively gravity driven. In the fully assembled
system, the vacuum pump provided a pressure differential to sweep away steam from
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the Leidenfrost distiller and induce some airflow in the SPS. This pressure differential
unexpectedly added enough momentum to the droplets to increase their speed by over
a factor of two.









Figure 4.13: Experimental and theoretical salt-water droplet evaporation rates in
the Leidenfrost distiller at 230◦C and 310◦C.
Despite the hindered distillation, the Leidenfrost Distiller performed well. Figure
4.14 shows a plot of measured salinity values of salt-water influent, and captured dis-
tillate and salty-brine. The influnt was fed to the distiller at a salinity of 40 mS. For all
experimental runs, the distillate salinity was measured at nearly 0 mS indicating that
the collected distillate is essentially pure water to measurement accuracy. The brine
salinity was measured at an average of about 58 mS across all experimental runs, indi-
cating increased salt-content as water is removed from the droplets.
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Figure 4.14: Plot of salinity for the influent salt-water and the effluent distillate
and brine taken at various intervals during Leidenfrost distiller testing.
4.3.3 Mass and Energy Trade Analysis
The Nanophotonic Heating and Leidenfrost-Driven Fouling-Free WRS was eval-
uated using the equivalent system mass (ESM) metric as developed by Levri & Vac-
cari [188] and compared to the current state-of-the-art water recovery technology ESM
metrics aboard the International Space Station (ISS). The ESM metric is an equivalent
mass value reflective of a system’s mass, volume, and energy requirements. The ESM
value is used when comparing technologies in order to scope launch and operating
costs of a system. The ESM value is computed using the relationship,
ESM = M + (V ∗Veq)+ (P ∗Peq)+ (C ∗Ceq) (4.6)
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where M is the overall system hardware mass in kg, V is the system volume in m3, P is
the system power requirements in kW, and C is the system cooling power requirement
in kW. All aforementioned terms are converted to mass values using Veq, Peq, and Ceq
which are the volume, power, and cooling infrastructure cost factors, respectively, and
have units of kg/m3, kg/kW, and kg/kW, respectively. The infrastructure cost factors
are constant values used to convert system resource requirements to a mass value, and
are given by Levri & Vaccari [188]. Crew times are also typically included in ESM trade
studies, but in this study the crew times are assumed to be equivalent for both sys-
tems, although the Nanophotonic Heating and Leidenfrost-Driven WRS is expected to
reduce crew time relative to current state of the art. This is due to less consumables re-
sulting from the elimination of pretreat chemicals and a reduction in system servicing
due to a significant reduction of moving parts.
As mentioned earlier, the WRS developed herein boasts several advantages rel-
ative to current state-of-the-art technology. The first of which includes the use of
nanophotonic pasteurization for microbial control and real-time processing of urine-
streams in the Leidenfrost distiller, which eliminates the need for highly acidic and
hazardous pretreatment chemicals and the consumable tanks, pumps, controls, and
plumbing associated with chemical dosing that is required by the current state-of-the-
art. Contact-free Leidenfrost distillation eliminates surface fouling, which decrease
system robustness, an issue encountered in the current state-of-the-art. Lastly, pas-
sive phase separation replaces the need for moving parts which reduce mass and en-
ergy needs. The advantages of the WRS developed herein generally result in reduction
in mass, energy, and the need for replacement parts. These advantages serve to make
the ESM metric for the system more favorable relative to the current state-of-the-art.
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Mass and volume values for the Nanophotonic Heating and Leidenfrost-Driven
WRS are obtained by summation of individual component mass measurements and
overall footprint measurements of the system prototype shown in Fig. 4.9. Table
4.1 lists the mass, power, and volume requirements for the current state-of-the-art
WRS aboard the ISS and for the Nanophotonic Heating and Leidenfrost-Driven WRS.
These metrics are converted to an ESM value and listed in Table 4.1. All values for the
current state-of-the-art are obtained from Anderson et al. [189]. The Nanophotonic
Heating and Leidenfrost-Driven WRS has an ESM value of 392 kg, and attractive ESM
value when compared to current state-of-the-art, which has an ESM of 1506 kg. The
Nanophotonic Heating and Leidenfrost-Driven WRS traded favorably to the current
state-of-the-art in two key metrics, mass and volume. The WRS developed here has
a total mass of 245 kg and total volume of 0.5 m3, while current state-of-the-art has
a total mass of 1380 kg and volume of 3.14 m3. Such dramatic savings in mass and
volume are a result of employing capillary forces for phase separation and fluid con-
tainment resulting in the elimination of pump equipment, rotary equipment and sup-
porting components in the distillation assembly, chemical pretreatment assembly, and
reduced number of filtration beds, which are employed in the current state-of-the-art.
Table 4.1: Mass, power, volume, and ESM values listed for ISS WRS and Nanopho-




Mass (kg) 1380 245
Power (W) 560 650
Volume (m3) 3.14 0.5
ESM (kg) 1506 392
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Power requirements for the Nanophotonic Heating and Leidenfrost-Driven WRS
are computed from the individual system components operating at peak power levels.
The SPS unit consists of IR LEDs to irradiate plasmonic nanoparticles and enable liq-
uid pasteurization. The 12 VDC flexible IR LED strips consist of 60 LED/m at 940 nm
peak wavelength and require 4.8 W/m of power. For the holding tank of the SPS, 1.5 m
of IR LED’s are used resulting in 7.2 W of power consumption. The Vacuum pump re-
quires 208 W to operate, and the condenser cooling loop fans and pump require a total
60 W to operate. The rest of the Nanophotonic Heating and Leidenfrost-Driven WRS
power requirements come from the Leidenfrost distiller. Energy consumption of the
Leidenfrost distiller is computed using a thermal resistance model. Energy required to
heat and maintain the temperature of the aluminum mass that makes up the Leiden-
frost distiller is computed using a lumped mass approximation. Assuming a quiescent
environment at 20◦C, 4” of ceramic fiber insulation insulation for the distiller (k = 0.05
W/mK), and distiller surfaces assumed uniformly held at 230◦C results in∼15 W of heat
loss to the environment. This energy requirement accounts for energy leaking from the
system to the ambient environment in the form of radiation, natural convection, and
conduction for the Leidenfrost distiller at steady-state. Distillation of water-based so-
lutions adds an additional energy load to the system in the form of sensible heat to
heat urine from an inlet temperature of 20◦C to 100◦C, and latent heat of vaporization
to perform phase change from liquid to steam. This energy load for the Leidenfrost dis-
tiller is computed using q = ṁ(cp∆T+h f g ), where ṁ is the mass of water processed per
hour, and h f g is the latent heat of vaporization of water. For a 4 person crew, the target
operating rate for the system is to process 500 mL of waste-water per hour. The added
energy load to process 500 mL of wastewater per hour adds∼360 W of energy to the sys-
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tem at steady-state operating conditions. The resulting total power requirements for
this system are ∼650 W of power. Savings in mass and volume thwart the effect of the
∼90 W increased power consumption of the Nanophotonic Heating and Leidenfrost-
Driven WRS relative to the current ISS WRS, although increased power consumption
can be attributed to increased distillation levels of waste-water streams, which requires
additional energy.
4.4 Conclusion
Developed herein is the first omni-gravity water recovery system (WRS) utilizing
non-contact Leidenfrost distillation and nanophotonic heating as methods to promote
fouling-free water recovery from waste streams. An omni-gravity passive liquid-gas
phase separator was developed utilizing a helical bend to impart centrifugal forces
on fluid streams in microgravity promoting wall bounded impacts and subsequent
capillary containment in interior corner geometries for perfectly wetting (θ = 0◦) and
partial-wetting conditions (0◦ < θ < 90◦). Sloped interior geometries were utilized in
the phase separator to promote gravity driven draining into a reservoir in a gravity
dominated enviornment, wherein gravity is the predominate force for liquid-gas phase
separation as opposed to centrifugal forces in microgravity. The phase separator sur-
faces were coated with carbon black nanoparticles that were irradiated with IR LED
strips to induce hyperlocal nanophotonic heating to promote pasteurization of waste-
water streams to thwart microbial growth in the phase separator reservoir. These sur-
faces were shown to heat up to 91◦F.
A mathematical model was developed describing droplet evaporation in the Lei-
denfrost state. The model was then utilized to design and size the Leidenfrost distiller.
101
The Leidenfrost droplet distiller was built from an aluminum block with a circular track
∼8.5 m in length machined with semi-circular cross section at a 0.25◦ pitch to promote
gravity driven droplet transport through the distiller. The distiller was heated past the
Leidenfrost point of water on aluminum with a pair of resistance heaters. The Lei-
denfrost distiller was tested with 40 mS salt-water as a urine ersatz fluid. Throughout
the ∼20 hr operation of the Leidenfrost distiller, no significant salt-deposits or other
forms of fouling were observed on distiller surfaces. Volume and salinity measure-
ments at varying intervals during the operation of the Leidenfrost distiller showed an
average water recovery rate of 40% with virtually no salt content in recovered distil-
late, and an average of 58 mS in the captured residual brine. Upon further investi-
gation, droplet evaporation rates were shown to be predicted with good accuracy for
salt-water droplets in the distiller at the design temperature of 230◦C and an elevated
temperature of 310◦C. It was determined that a pressure drop induced by an inline vac-
uum pump resulted in droplets of salt-water residing in the distiller for ∼30 s instead
of the design time of 75 s, leading to less than half of the target water-recovery figure
of 90%. Auxiliary system components were developed from mostly off-the-shelf com-
ponents. These system components included vacuum tubing, a vacuum pump, reflux
condenser, cooling loop, resistance heaters, and thermal insulation.
The all-gravity nanophotonic heating and Leidenfrost-driven fouling-free WRS was
traded against the current state-of-the-art water recovery technology currently aboard
the International Space Station (ISS) with the equivalent system mass metric. The wa-
ter recovery system developed herein trades favorably relative to current state-of-the-
art with an equivalent system mass of 392 kg compared to 1506 kg for the current sys-
tem aboard ISS. The water recovery system developed herein has demonstrated the
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feasibility of a fouling-free water recovery system demonstrating numerous advan-
tages relative to current state-of-the-art. These include omni-gravity capability and
a reduction in system mass and volume through a reduction in moving parts and stor-
age tanks resulting from the use of capillary fluid management methods and fouling-
resistant real-time fluid processing potentially eliminating the need for pretreat chemi-
cals. Heat-driven distillation as a driving force for water-recovery boasts the advantage
of achieving 100% water recovery from waste-water streams. Further system develop-
ment and optimization can readily bring water recovery metrics to 90% and beyond
in the non-contact heat-driven Leidenfrost distillation step. Further development of
such methods is encouraged for the advancement of water recovery technologies and




In this work, a host of parallel investigations were conducted resulting in early first
observations of unique fluid phenomenon.
5.1 Airflow-Driven Droplet Levitation on Porous Superhydrophobic Surfaces
A porous superhydrophobic surface is developed utilizing a 3.175 mm thick sin-
tered stainless steel disk 6.35 mm in diameter with nominal pore diameter of 10 µm.
Candle soot is deposited on the surface of the stainless steel disk and sprayed with
Dome MagicTM PTFE spray producing a superhydrophobic surface. The porous su-
perhydrophobic disk is clamped between two plates. The bottom plate has a hose for
pressure-driven airflow upward and underneath the superhydrophobic disk. A sketch
of the apparatus is shown in Fig. 5.1. Airflow through the porous disk is driven at 6.9,
20.7, and 137.9 kPa. Droplets of water 0.03 mL in volume are dispensed onto the disk.




Figure 5.1: An image of a droplet atop a porous superhydrophobic surface with an
upward pressure-driven airflow.
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Figure 5.2 shows 120 Hz images of 0.03 mL droplets atop the porous superhy-
drophobic disk with airflow at 6.9 kPa (Fig. 5.2a), 20.7 kPa (Fig. 5.2b), and 137.9 kPa
(Fig. 5.2c). All droplets are observed to oscillate due to the pressure resulting from
the airflow underneath the droplets. All droplets are in complete non-contact with the
porous superhydrophobic surface. Airflow through the surfaces serves as an analog to




Figure 5.2: 120 Hz images of 0.03 mL droplets atop a porous superhydrophobic
surface 3.175 mm thick, 6.35 mm diameter, and 10 µm pore diameter with upward
pressure-driven airflow at (a) 6.9 kPa, (b) 20.7 kPa, and (c) 136.9 kPa.
5.2 Leidenfrost-Driven Microgravity Droplet Generator
The oscillation-free microgravity droplet generator referred to as the ‘Logan
Shooter’ was introduced in Chapter 2. Figure 2.9 showed an example of the classic
Logan Shooter employing superhydrophobic surfaces to eject a droplet of water free of
oscillations out of the device. This device configuration is useful for ejection of non-
wetting water, but not for highly wetting fluids. Shown in Fig. 5.3 is a 6 Hz image
sequence of a Logan Shooter ejecting liquid nitrogran droplets. The Logan Shooter is
made of two aluminum plates formed into a wedge with half-angle of 3◦. Liquid ni-
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trogen is dispensed in the aluminum wedges held at 20◦C, which is greater than the
Leidenfrost point of liquid nitrogen. Upon step reduction in gravity resulting from the
initiation of the drop-tower test, the puddles of liquid nitrogen attempt to reorient into
spheres but are confined by the Logan Shooter surfaces forming capillary pressure gra-
dients in the droplets which force the droplets out of the shooter. The droplets are sep-
arated from surfaces by Leidenfrost vapor layers resulting in near-friction-less motion
across surfaces. Some of the liquid nitrogen droplet oscillations are dampened and
droplets are ejected with maximum droplet diameter and velocity of 10.7 ± 0.1 mm
and 10.7 ± 1.4 cm/s, respectively. This is the first demonstration of a Leidenfrost Logan
Shooter utilizing Leidenfrost temperatures to promote non-contact, near-friction-less
droplet motion in place of superhydrophobic surfaces. Leidenfrost temperatures ex-
pand the utility of the Logan Shooter device to all fluids, including highly wetting fluids
such as ethanol and potentially oils.
5.3 Liquid-Liquid Interface Puddle Jump
Puddle jumping phenomenon has been studied extensively and was outlined in
Chapter 2. Herein, the first demonstrations of puddling jumping phenomenon on
liquid-liquid interfaces are demonstrated. Figure 5.4 shows a 5.5 Hz sequence of im-
ages of a liquid nitrogen puddle jumping from a bath of water. A volume of liquid
nitrogen is dispensed onto the bath of water held at 22◦C, greater than the Leidenfrost
point of liquid nitrogen. The liquid nitrogen is separated from the water interface by a
layer of vapor. Upon a step reduction in gravity, the puddle of liquid nitrogen reorients
into a sphere resulting in the collision of capillary waves which cause the droplet to de-
tach from the surface with constant velocity of 6.0 ± 0.7 cm/s. Here, the non-contact
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role of superhydrophobic surfaces is replaced with Leidenfrost temperatures, making
liquid-liquid puddle jumps feasible.
Figure 5.3: Images taken at 6 Hz of an aluminum Logan Shooter with 3◦ half -angle
ejecting liquid nitrogen droplets with maximum diameter and velocity of 10.7 ±
0.1 mm and 10.7 ± 1.4 cm/s, respectively.
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Figure 5.4: A 5.5 Hz sequence of images of a liquid nitrogen puddle with diameter
17.8 ± 0.1 mm puddle jumping from a bath of water with velocity of 6.0 ± 0.7 cm/s.
5.4 Liquid Nitrogen Capillary Auto-Ejection
Auto-ejection of fluids rising in tubes with converging nozzles was outlined in
Chapter 2. The first demonstrations of auto-ejection of cryogenic fluids is demon-
strated herein. Figure 5.5 shows 30 Hz images of liquid nitrogen auto-ejected with max
diameter and velocity of 1.85 ± 0.05 mm and 48.9 ± 2.1 cm/s, respectively, from a 60
mm long 9 mm ID glass tube ejector held at -196◦C with converging nozzle of 1.5 mm
ID exit.
Figure 5.5: A 30 Hz series of images of liquid nitrogen auto-ejected with max diam-
eter and velocity of 1.85 ± 0.05 mm and 48.9 ± 2.1 cm/s, respectively, from a tube
ejector with converging nozzle.
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